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1. Introduction
More than half of the world population lives in urban areas with projections showing a
population increase up to 66% by 2050 (UN, 2015). To accommodate the growing number of
city dwellers, urban areas are expanding twice as fast as their population (e.g., Seto et al., 2012),
raising concerns about sustainability and livability of cities. Given the increasing importance
of urban areas in both driving and being impacted by global environmental changes, there is a
rapidly growing interest in understanding their dynamics (Seto and Shepherd, 2009).
Urbanization drives significant environmental changes at multiple spatial and temporal
scales. The most direct impact of urbanization is the removal of natural spaces and biodiversity
to build structures and impervious surfaces, thus creating a complex mosaic of land uses and
covers. In urban areas, artificial surfaces are often mixed with pervious green areas, such as
parks, gardens, remnant forests, and green corridors. This heterogeneous patchwork results in
complex interactions between local microclimate, and hydrological and biogeochemical cycles,
which affect ecosystem properties and functions (Grimm et al., 2008; Seto et al., 2011).
Pervious soil and vegetation are important components of urban ecosystems and provide
essential services, such as pollution mitigation, biogeochemical cycling, and community health
and well-being (Livesley et al., 2016a). At the same time, vegetation and soils that persist in
the urban landscape are increasingly under threat due to human disturbances and stress factors
related to changes in temperatures, water availability, nutrient, and pollution levels. Within this
context, an urban ecohydrology perspective allows us to place more emphasis on interactions
and feedbacks among soil, plant, and atmosphere specifically related to cities (Jenerette and
Alstad, 2010; Wagner and Breil, 2013).
In urban areas, as in natural environments, ecosystem dynamics and hydrological
processes are strongly coupled. The conversion of natural and vegetated land to urban uses
alters land surface properties, and hence the energy balance and water fluxes. Evident changes
in local microclimate have been observed in terms of higher temperature in urban areas than in
their rural surroundings, a phenomenon known as urban heat island (UHI) effect (Oke, 1982).
The introduction of impervious surfaces and drainage infrastructure affects ecosystem
hydrologic regimes. These changes reduce the volume of water infiltrating soils, and hence
groundwater recharge, as well as the volume of soil water lost through evapotranspiration, thus
increasing the volume of runoff (Xiao et al., 2007). Urban development may also lead to the
coexistence of native plant with non-native species, creating unique biotic communities that
may have high water demand, different patterns of evapotranspiration, interception, and
infiltration (Pataki et al., 2011a). Finally, urban areas strongly impact biogeochemical cycles,
thus affecting urban ecosystem dynamics (Grimm et al., 2008). Cities are usually net sources
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of CO2 and other greenhouse gases (GHGs) such as nitrous oxide (N2O) and methane (CH4),
with anthropogenic activities controlling the diurnal and seasonal patterns of these fluxes (Kaye
et al., 2005).
In arid and semiarid urban areas, where almost 22% of the world population lives
(McDonald et al., 2011), limited natural resources magnify the importance of understanding the
coupled relationship between ecosystems and hydrological processes. Urbanization drastically
changes the structure and functions of arid and semiarid ecosystems; landscape plantings in an
otherwise desert setting along with water and energy subsides have a great impact on both
hydrologic regime and carbon stocks and fluxes.
This chapter reviews recent studies and advances in understanding and modeling links
and feedback among soil, vegetation, and atmosphere in urban environments, with a particular
focus on arid and semi-arid regions.
2. Urban ecosystem services
Urbanization is one of the most irreversible human impacts on the global biosphere,
fragmentizing natural environments, introducing non-native species, increasing surface runoff
and erosion, and degrading or altering ecosystem processes. The rapid expansion of urban areas
raises the attention on preserving and restoring ecological processes and functions to reduce the
ecological footprints of cities (Menz et al., 2013).
Vegetation and natural soils may play a crucial role in reducing the negative impacts of
urbanization on the physical environment. In urban areas, most of the natural and semi-natural
elements serve as green infrastructure. Green spaces – street trees, lawns and parks, urban
forests, cultivated land, and green corridors, as well as green roofs and green walls technologies
(Table 1) – provide a collection of environmental, socio-cultural, and economic benefits
essential to the quality of life of urban dwellers (Dover, 2015; Palmer et al., 2015). Green areas
are widespread in the urban environment. For example, in the United States, urban lawns cover
a land area three times larger than any other irrigated crop in the country (Milesi et al., 2005),
while trees cover about 35% of the urban land (Nowak and Greenfield, 2012).
Numerous studies over recent years have documented the role of urban green spaces in
promoting ecosystem health and resilience, contributing to biodiversity conservation, and
enhancing urban ecosystem functionality through the provision of ecosystem services
(Chiesura, 2004; Dobbs et al., 2014; Sander, 2016; Tyrväinen et al., 2005). Ecosystem services
are defined as the indirect and direct benefits that urban populations derive from ecosystem
functions on local and global scales, which enhance urban sustainability and climate change
adaptation (Costanza et al., 1997; Costanza et al., 2014). Following this definition, the
Millennium Ecosystem Assessment (MA, 2003) and the Economics of Ecosystem Services and
Biodiversity (TEEB, 2009) classified ecosystem services in four major categories (Figure 1)
each relying on fundamental ecological processes (Pataki et al., 2011b): three of them
(provisioning, regulating, cultural) with a direct and short-term impact on people, while
supporting and habitat services show an indirect and long-term impact. As a consequence, the
temporal scales of the provided ecosystem services assume a fundamental role in every
decision-making process.
Urban green spaces provide direct and locally generated services, which are essential for
both ecosystem and human health in urban areas. These include the potential to mitigate the
UHI effect, limit GHG emissions, regulate the hydrological cycle, affect carbon (C) and
nitrogen (N) biogeochemistry, and improve air and water quality by removing pollutants
(Bolund and Hunhammar, 1999; Coutts et al., 2013b; Escobedo et al., 2011; Livesley et al.,
2016b). Interactions with the natural environment also positively influence the physical and
mental health of urban dwellers (Chiesura, 2004).
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Table 1: Types of Urban Green Spaces (Photo Credits: Edoardo Daly)
Types of Urban Green Spaces

Description

Street trees

Stand-alone trees, often surrounded
by paved ground.

Lawns
Parks

Turf grass systems, with or without
trees and other plants, created and
maintained by humans for aesthetic
and recreational purposes.
Sports grounds and playgrounds may
also be included in this group.

Urban forests

Less managed areas with higher
density of trees and shrubs compared
to the urban parks. They can be
remnant, regrowth, or newly created
forests.

Cultivated
land

Patches of land used for the local
production of food products (e.g.,
community gardens, small scale
urban farms).

Green
corridors

Linear green spaces which connect
natural habitats and wildlife
populations. When located along
waterways they are called riparian
corridors.

Green roofs
Green walls

Green roofs are building roofs
partially or completely covered with
vegetation.
Green walls are vertical gardens on
the side of a building.
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Figure 1 Ecosystem services classification based on the Millennium Ecosystem Assessment
(MA, 2003) and The Economics of Ecosystems and Biodiversity (TEBB, 2010)
In addition to their ecological and socio-cultural values, ecosystem services have
demonstrated economic value (Elmqvist et al., 2015; Pandeya et al., 2016). For example, the
loss of urban vegetation can lead to increased energy costs for heating and cooling buildings,
health care expenses related to respiratory diseases, and maintenance of expensive
infrastructures to abate noise and pollution (Gómez-Baggethun and Barton, 2013). McPherson
et al. (2005) examined the economic benefits associated with many services of urban trees (e.g.,
energy savings, air quality improvement, and stormwater runoff reduction among others) in five
cities in the USA over a period of three years. They found annual benefits returns between $1.37
and $3.09 per tree. Specifically, in relation to tree shading and evaporative cooling, energy
savings reached up to ~$550,000 a year in locations where trees were located in close proximity
to buildings. Much lower savings (~$115,000) were reported in cities where trees were mainly
planted along wide roads.
The urban ecosystem services framework, integrating biophysical and socio-economic
concepts, is an essential component of the green infrastructure planning and preserving
strategies, which aim to maximize well-being outcomes for city dwellers (Parnell et al., 2013;
Sirakaya et al., 2017). On the contrary, there is a growing literature on ecosystem disservices
(e.g., respiratory allergies to wind-pollinated plants, pathogens and pests, and invasive or native
species causing damage to property), which are also important to be taken into account in the
planning of green infrastructure establishment and maintenance (e.g., Lyytimäki, 2014; von
Döhren and Haase, 2015).
As green infrastructure is increasingly adopted to mitigate the impact of urbanization on
the natural environment, there is a need to obtain empirical evidence on the magnitude of such
impacts, both beneficial and adverse (e.g., Matthews et al., 2015). For example, green roofs are
commonly reported as a key measure to mitigate heat in urban areas. However, their
performance is highly dependent upon their design (e.g., soil depth), vegetation species, and
climatic conditions, which might require irrigation to support evapotranspiration (Coutts et al.,
2013a). Several factors thus need to be considered for their effective use and installation.
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3. Green areas and climatic, hydrological, and biogeochemical processes
Urbanization strongly alters an ecosystems structure and functions, which has a profound
impact on biophysical and ecological processes at multiple scales. Urban ecosystems play a
crucial role in global climate change, being significant sources of GHGs, including 78% of total
carbon emissions (Grimm et al., 2008). In addition, by altering energy, water, and momentum
exchanges between the land surface and atmosphere, urban development can significantly alter
climate (Bonan, 1997). Land-use and land-cover transformations due to urbanization have
significant impacts on hydrological processes and water quality dynamics (DeFries and
Eshleman, 2004; Van Loon et al., 2016a; Van Loon et al., 2016b), as well as biogeochemical
cycles (Pataki et al., 2011b).
This section separately reviews the links between urbanization and microclimate, water
fluxes, and greenhouse gas emissions from urban soils, considering also the role of urban green
spaces in providing benefits at different scales. The focus is on the role of urban vegetation in
affecting urban microclimate and restoring more natural hydrological and biogeochemical
processes, as well as the role that the built landscape plays in the physiological response of
urban vegetation. Urban vegetation is generally subject to different biophysical and ecological
conditions than rural and natural environments, in particular with respect to soil and climatic
conditions. Therefore, in order to provide a positive effect, urban vegetation needs to remain
healthy in spite of severe growing conditions and abiotic stress factors, e.g., high temperatures,
low moisture conditions, light intensity, chemical stress, and air pollution (Roberts, 1977;
Sieghardt et al., 2005).
3.1. MICROCLIMATE
Emissions of greenhouse gases and anthropogenic land-cover and land-use changes associated
with urbanization have significant impacts on the local microclimate (Georgescu et al., 2014;
Kalnay and Cai, 2003). Evident changes have been observed in terms of properties of urban
surfaces (e.g., thermal, radiative, and aerodynamic properties), which in turn modify
atmospheric conditions such as temperature and precipitation patterns (e.g., Oke, 1982; Oke,
1987; Yow, 2007)
Urban areas have been known to be warmer than the surrounding rural areas due to the
UHI effect (Chapman et al., 2017). The magnitude of such urban-rural temperature difference
varies as a function of the geographic location, the corresponding climatic region, local
topography as well as specific characteristics of the built environment (e.g., urban landscape
geometry and intensity of human activities) (Grawe et al., 2013).
Reviewing two decades of urban climate research (i.e., 1980-2000), Arnfield (2003)
pointed out some generalizations about the UHI effect. It has long been known that UHI
strongly depends on weather conditions (i.e., cloud cover and wind speed) and shows a distinct
diurnal and seasonal cycle. In particular, UHI is more intense during summer, especially at
night, and under stable weather conditions with light winds and clear skies.
Land cover changes and the structure of urban canyons (defined as the space above the
street and between the buildings) are relevant factors that alter the energy balance, thus
controlling the UHI development. The reduction of vegetation cover and the increase of
artificial surfaces cause the reduction of latent heat exchange in urban canopies, which favors
the UHI, except in arid areas where irrigation may increase the latent heat flux (Yow, 2007).
Urban geometry and the thermal and radiative properties of building materials result in more
energy absorbed and stored within urban canyons (Harman et al., 2004; Kusaka and Kimura,
2004). As a consequence, the release of stored heat is the dominant contributor to the urban
warming at night, regardless of the climatic zone.
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UHI intensity during daytime varies geographically because of the influence of local
background climate. Zhao et al. (2014) found that UHI intensity increases in humid regions due
to vegetation loss and the reduction in the convective heat transfer efficiency. Conversely, UHI
intensity should decrease in arid zones where urban landscapes may have a better convection
efficiency than the adjacent rural land dominated by low vegetation.
Simulations and observations in semi-arid and arid regions, however, show an urbaninduced warming effect (e.g., Georgescu et al., 2013; Hedquist and Brazel, 2006) with a
magnitude that can be more significant at midday during summer (Sofer and Potchter, 2006) or
during night hours (Saaroni and Ziv, 2010). Compared to UHI patterns in more temperate
climates, cities like Phoenix, Arizona (USA), may have cooler summer daytime temperatures
due to the higher vegetation cover than the surrounding semi-desert areas (i.e. oasis effect)
(Brazel et al., 2000; Stabler et al., 2005). Contrary to the oasis effect, Georgescu et al. (2011)
suggests that modification of adjacent conditions, such as land cover and soil moisture, may
affect the diurnal cycle of near-surface temperature, for example eliminating the daytime urban
cooling.
The UHI effect is often associated with the growing number and increased intensity of
heat waves in cities, which cause heat stress and health risks on urban residents (e.g., Lemonsu
et al., 2015; Murari et al., 2015; Schatz and Kucharik, 2015; Zhao et al., 2018). Integrating
green spaces into the urban landscape has the potential to effectively mitigate the intensity of
heat islands and improve human thermal comfort during hot conditions (Oke et al., 1989). The
creation of patchy green areas within the urbanized environment generates so-called cool
islands, thus mitigating the adverse effects of UHI and extreme heat events (Broadbent et al.,
2017b; Gill et al., 2007; Spronken-Smith and Oke, 1998). Evidence of the role of urban green
spaces in affecting the air temperature of urban areas and the human thermal comfort are
reported in a growing number of studies (Table 2).
Vegetation affects the thermal energy balance in urban areas mostly through direct
shading and evaporative cooling (Bowler et al., 2010; Coutts et al., 2016; Gunawardena et al.,
2017; Holmer et al., 2007; Sanusi et al., 2016). Tree canopies intercept solar radiation and,
through direct shading, prevent the energy storage and heating of the local land surface and air;
this also helps to reduce buildings energy use (Akbari, 2002; Armson et al., 2012). This shading
effect creates local cool areas beneath tree canopies and protects people from the direct
exposure to the sun (Dimoudi and Nikolopoulou, 2003). For example, Shahidan et al. (2010)
found that for species with high leaf area index (LAI), dense foliage covers, and multiple layers
of branches and twigs, the reduction of thermal radiation through absorption and reflection is
about 93%, thus producing only 7% radiant heat underneath the canopy. Therefore, vegetation
makes a substantial contribution to human thermal comfort (Shashua‐Bar et al., 2011).
Increasing interest is directed to evaporative cooling. Through transpiration, more radiant
energy is used to increase latent heat rather than sensible heat, allowing the loss of water from
plants and wet surfaces as vapor into the atmosphere (Oke, 1987). The achieved cooling
potential is influenced by vegetation species (i.e., C3 and C4 photosynthetic metabolism) as
well as plant characteristics (e.g., crown area, foliage density, and stomatal resistance) and soil
water availability (Caird et al., 2007; Doick et al., 2014).
Several aspects can influence the thermal effect of urban green areas including their
characteristics (e.g., size, vegetation composition, and irrigation practices), the nature of the
surrounding landscape, and the climate (Shiflett et al., 2017; Spronken-Smith and Oke, 1998;
Upmanis et al., 1998). The size of vegetated areas as well as their plant density and composition
may affect the magnitude of the temperature difference with their urban surrounding (Cheng et
al., 2014). For example, Potchter et al. (2006) found that an urban park covered by grass and a
few low trees was warmer (up to 1°C) during the day compared to the surrounding built
landscape, whereas a park containing a greater number of trees with a wide canopy reached a
cooling effect of 3.5°C. Multilayer plant communities have the most significant effect on
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temperature reduction (~4.7°C) and relative humidity increase (~7.7%) (Zhang et al., 2013), as
well as plants with higher foliage density (Yu and Hien, 2006).

Table 2: Some results from recent literature on the cooling effect of green spaces
Urban area/
Climate

Period

Data
Collected (1)

Urban green space

Size
(ha)

(2)

Vancouver
(Canada)
Marine West
Coast

August
1992

Ta

Sacramento
(California)
Mediterranean
with hot dry
summer
Göteborg
(Sweden)
Marine West
Coast

August
1993

Ta

January
1994 to
September
1995
Night-time

Ta

Tel Aviv
(Israel)
Subtropical
with hot and
humid summer

June 2002

Ta

Ta

Lisbon
(Portugal)
Mediterranean

Summer
2007

Ta

Phoenix
(Arizona)
Tropical and
Subtropical
Desert

October
2007
Early
morning

Humid
subtropical

- Park A: grass and
few low trees,
mostly without
shade
- Park B: dense
medium size trees,
partially shaded
(65%)
- Park C: trees with
high and wide
canopy, well
shaded (95%)

61 parks out of the
490 municipal parks:
- 30
- 14
- 17

August to
September
2003
December
2003 to
February
2004

Taipei (China)

- 10 parks :
- 1 grass (dry)
- 2 grass (moist)
- 2 grass (irrigated)
- 2 grass TB
- 1 multi-use
- 1 garden
- 1 savannah
- 1 forest
- 10 parks(2):
- 2 grass (irrigated)
- 2 golf course
- 4 multi-use
- 1 Savannah
- 1 Forest
3 urban parks:
- Gubberoparken
- Vasaparken
- Slottsskogen

- Ta
RH

Garden in a
residential setting
with a dense plant
community
Small park with
irrigated lawn and
xeric surfaces
within an
university campus

3÷53

2÷15

2.4
3.6
156

Cooling Effect
Findings
Max PCI(3):
- 3.2 °C (D)
- 4.5 °C (D)
- 4.0 °C (N)
- 3.8 °C (D)
- 5.0 °C (N)
- 4.6 °C (N)
- 3.7 °C (N)
- 4.0 °C (D)
Max PCI(3):
- 4.1 °C (N)
- 5.1 °C (N)
- 3.8 °C (N)
- 5.4 °C (N)
- 5.3 °C (N)
Max PCI(3):
- 1.7 °C
- 2.0 °C
- 5.9 °C
- Park size is important for
the magnitude of PCI.

2.5

- D(4): warmer up to 1 °C
- N(4): cooler up to 1.5 °C

35

- D(4): cooler up to 2 °C
- N(4): cooler between 0.50.7 °C

28

- D(4): cooler up to 2.5 °C
- N(4): cooler between 0.51.2 °C

<1
0.5÷1
>1

- Cooling effect of trees is
influenced by foliage
density, trees height, and
size/canopy volume.
- Grass parks can be
warmer during daytime.
Average PCI (3):
- Summer noon: 0.81 °C
- Summer night: 0.29 °C
- Winter noon: 0.57 °C
- Winter night: 0.16 °C
Parks as local heat islands:
- Summer noon: 0.42 °C
(14 parks out of 61)
- Summer night: 0.39 °C
(8 parks out of 61)
- Winter noon: 0.59 °C
(16 parks out of 61)
- Winter night: 0.45 °C
(12 parks out of 61)

Reference

SpronkenSmith and
Oke (1998)

Upmanis et
al. (1998)

Potchter et al.
(2006)

Chang et al.
(2007)

0.6

Max PCI(2): 6.9 °C

Oliveira et
al. (2011)

~3

- Mean (maximum) PCI(3)
intensities ~3.5 °C (~6 °C).
Surface type affects PCI
intensities with larger PCI over
the irrigated lawn.

Chow et al.
(2011)
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(Continue from Table 2)
Urban area
Climate
Shenzen
(China)
Humid
subtropical

Period

Melbourne
(Australia)
Marine West
Coast

May 2011
to May
2012
October
2011 to
June 2013

- Ta
- RH
- Ws

Gothenburg
(Sweden)
Marine West
Coast

Daytime
and Nighttime on
warmer
days of
2012-2013

- Stomatal
Conductance
- Transpiration
Rate
- Phosynthetic
Active
Radiation
(PAR)
- Ta
- RH

Adelaide
(Australia)
Mediterranean

February
2011

- Ta
- RH
- Ws

(1)
(2)

(3)
(4)
(5)

November
2010 to
October
2011

Data
collected (1)
- Ta
- RH

Urban green
space
Plant community
within 3 parks:
- Multilayer
- Palm mixed
- Trees-grass
- Bamboo grove
Street trees in:
- Deep urban
canyon
- Shallow urban
canyon with
very little tree
canopy cover
- Shallow urban
canyon with
dense tree
canopy cover
- 7 of the most
common street
tree species in
Gothenburg;
- 1 plot for each
specie
containing 3 to 6
similar trees

Size
(ha)
29-66

Suburb of Mawson Lakes:
- pervious
374
(including trees,
(54%)
grass, low
vegetation, and
bare soil)
- open water
42
(6%)
- impervious
260
(40%)

Cooling Effect
Findings
Temperature reduction Humidity increase
- 4.7 °C - 7.7%
- 3.2 °C - 6.7%
- 3.6 °C - 7.0%
- 2.7 °C - 6.2%
- Street trees support daytime
cooling during heat events in
the shallow canyon by
around 0.2 to 0.6 °C and up
to 0.9 °C between 9-10 AM.
- Maximum daytime cooling
in shallow canyon is 1.5 °C.
- In the deep canyon, the
shading effect of the tall
buildings mask the influence
of trees.
- Midday energy loss due to
tree transpiration: 206 Wm-2
(about 30% of incoming
solar radiation converted in
latent heat flux).
- Night-time energy loss due
to tree transpiration: 24 Wm2
.
- Sunlit leaves transpire 3
times more than shade
leaves.
- Irrigation can significantly
reduce microscale air
temperature during heatwave
conditions.
- Average air temperature
reduction during daytime
~2.3 °C.

Reference
Zhang et
al. (2013)

Coutts et
al. (2016)

Konarska
et al.
(2016)

Broadbent
et al.
(2017a)

Ta: Air Temperature; RH: Relative Humidity; Ws: Wind Speed.
Grass: open grass surface; grass TB: grass with tree border; multi-use: park with many different components (e.g., grass playing
fields; garden: cultivated park with a mixture of grass, trees, and shrubs; savannah: grass surface with trees interspersed throughout.
Golf course: open grass fairways lined by trees; forest: park that has a continuous tree canopy coverage.
PCI, park cooling island: maximum urban temperature (Tu) – minimum park temperature (Tp).
N: night-time cooling; D: day-time cooling.

Long-term analysis on diurnal and seasonal variations of climatic conditions in urban
green spaces show a much higher cooling effect in summer than in winter and during the day
than at night (Cohen et al., 2012). Several studies suggest that the cooling effect of vegetation
also exists at night (Chow et al., 2011; Konarska et al., 2016). Vegetated areas may have an
increase in outgoing long-wave radiations due to higher sky view factor (i.e., the proportion of
visible sky above a certain observation point) compared to built-up areas; this helps the nighttime cooling effect (Holmer et al., 2013). In addition, tree transpiration may increase the cooling
rate around and shortly after sunset, in particular in warm climates and during heat waves
(Konarska et al., 2016).
Local climate change within urban areas may affect biophysical and ecological conditions
of urban vegetation. Increases in temperature associated with UHI affect the growing season
length, with existing observations showing longer growing season lengths in urban
environments than surrounding rural areas (Zipper et al., 2016). There are thus complex
relationships between the effect of urban green spaces on local climate and how the local
climate in turn affects urban vegetation (Zhou et al., 2016).
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Beside atmospheric temperatures, precipitation patterns are also affected by urbanization.
Early investigations in the 1970s (i.e. METROMEX project, see Changnon (1981)) found
evidence of increased precipitation during summer months. Since then, assessing the role of
urbanization on rainfall variability has become a topic of active research (Smith et al., 2012).
Shepherd (2005) reviewed observational and modelling studies on urban-induced precipitation
variability. It is generally recognized that urbanization can affect precipitation mainly through
(1) enhanced convergence due to increased surface roughness, (2) destabilization of the
boundary layers due to UHI, (3) increases in aerosols associated with land use influencing cloud
condensation nuclei (CCN) sources, and (4) changes in the urban canopy (Yu and Liu, 2015).
In most cases, studies report increases in the precipitation amount during summer months
(Collier, 2006), even though such estimates can have a high degree of uncertainty (Salvadore
et al., 2015). A radar-based analysis using 91 thunderstorm cases in Indianapolis, Indiana
(USA), found a strong urban impact on the intensity and structure of approaching thunderstorms
(Niyogi et al., 2011). Burian and Shepherd (2005) found an increase in the average warmseason rainfall amount registered in the Houston, Texas (USA), metropolitan area due to
urbanization, especially during afternoons. Other studies conducted in arid cities, such as
Phoenix, found increases in mean precipitation of 12-14% from a pre-urban to post-urban
period (Shepherd, 2006) and more-frequent late-afternoon storms (Balling and Brazel, 1987).
Modelling studies and satellite-based observations (Miao et al., 2011; Shem and
Shepherd, 2009) confirm the crucial role of urban areas in determining storm movement and
rainfall amount as a function of the degree of urbanization, the UHI effect, and air pollution.
Rosenfeld (2000) pointed out new insights into the negative impact of air pollution on rainforming processes in clouds. In fact, elevated concentrations of CCN in polluted clouds might
lead to many small droplets that cannot easily grow in size to produce precipitation. However,
the effects of urban areas on precipitation may depend on the climate regime and the
geographical locations of cities. For this reason, in some regions rainfall patterns may decrease
in response to urbanization (Zhang et al., 2014b). In Beijing, China, for instance, less
evaporation, higher surface temperatures, and larger sensible heat fluxes lead to a decrease in
precipitation. In such a scenario, increasing vegetation cover could help to produce more
rainfall (Zhang et al., 2009).
3.2. THE URBAN WATER CYCLE AND THE ROLE OF VEGETATION
Following Lerner (1990) it is possible to identify two interconnected networks of hydrological
pathways in the urban environment, namely a modified natural set of pathways and water
supply-sewerage pathways (Figure 2). The pathways of the natural network include
precipitation, evapotranspiration, runoff, infiltration, and groundwater recharge, which are
often affected by the urban microclimate and land cover changes. The water supply-sewerage
network includes groundwater extraction through boreholes, flow in water mains and stormwater flow in the sewage system, irrigation, and leakage from pipes, to mention the most
relevant.
In the face of increasing urbanization, there is a growing need to restore the water cycle
and water quality to a regime closer to that preceding the establishment of urban developments
(Fletcher et al., 2013). This is aligned to the natural flow paradigm (Poff, 1997), which
prescribes the maintenance of streams close to their natural regime (Bonneau et al., 2017).
The aim of this section is to give an overview of the pathways underlying the urban water
cycle and the role that urban vegetation plays in influencing such dynamics. Moreover, it
provides a review of the current status of the literature about the physiological response of urban
vegetation to the altered environmental conditions caused by urbanization. We did not include
a review of green technologies for stormwater harvesting, i.e., low impact development (LID),
water sensitive urban design (WSUD), and sustainable urban drainage systems (SUDS).
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Interested readers are referred to Bonneau et al. (2017), Fletcher et al. (2015), Golden and
Hoghooghi (2018), and Wong and Brown (2009), just to name a few.

Figure 2 Urban water balance (i.e., P+I=Q+ET+S) (Grimmond et al., 1986)
The rates and volumes of surface runoff from urbanized watersheds are expected to be
greater due to soil compaction, vegetation removal, and impervious surfaces (e.g., Endreny,
2005; Leopold, 1968; Xiao et al., 2007). In a study conducted in North Carolina, USA, for
example, Boggs and Sun (2011) found that the mean annual discharge ratio
(discharge/precipitation) was 75% higher in urban precincts compared to a forested watershed.
The amount of impervious areas and their degree of connectivity with the drainage network are
key factors in determining the increase of peak flows and surface runoff (Boyd et al., 1993;
Shields and Tague, 2015). At the same time, it is generally accepted that the increase of urban
impervious surfaces leads to a reduction in catchment evaporative losses (e.g., Barron et al.,
2013; Dow and DeWalle, 2000), even though evapotranspiration (ET) in urban areas has
complex patterns associated with landscape heterogeneity and changes in the urban
microclimate (e.g., Litvak et al., 2017; Owuor et al., 2016; Price, 2011; Salvadore et al., 2015).
Several parameters were found to influence the interactions between urbanization and
subsurface processes, including natural catchment characteristics (e.g., topography, vegetation)
as well as anthropogenic factors (e.g., catchment imperviousness, spatial distribution of
impervious surfaces, anthropogenic water inputs and outputs) (Hamel et al., 2013). It is also
well known that the introduction of impervious surfaces and drainage infrastructure decrease
infiltration and groundwater recharge (e.g., Hibbs, 2016; Shuster et al., 2005). However, several
authors suggest that external anthropogenic water inputs, such as leakage from water supply
systems, sewers, and stormwater drainage networks, as well as irrigation, may offset subsurface
water losses (e.g., Lerner, 2002; Locatelli et al., 2017; Price, 2011). In particular, irrigation may
play an essential role in groundwater recharge, being a conspicuous portion (i.e., 40-75%) of
residential water use, especially in arid and semi-arid regions (Balling et al., 2008; Hilaire et
al., 2008). In Austin, Texas (USA), for example, an estimated 8% of water that flows through
city mains becomes groundwater recharge (Garcia-Fresca and Sharp Jr, 2005); this water and
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irrigation results in flows that represent at least 5% of total annual discharge (Passarello et al.,
2012).
Urban vegetation has been identified as an effective measure to decrease runoff by
increasing rainfall interception, soil permeability, and thus evapotranspiration (Berland et al.,
2017; Yang et al., 2015). However, rainfall-runoff-infiltration processes associated with urban
pervious green spaces are quite uncertain, being affected by the combined effect of soil
compaction, vegetation type, topsoil removal as well as increased soil hydrophobicity and
deposition of pollutants (e.g., Fletcher et al., 2013; Redfern et al., 2016).
The potential of urban trees to retain and store rainfall on leaves and branches is
recognized to be extremely effective in reducing stormwater runoff because a large fraction of
the water temporarily retained within the canopy is lost to the atmosphere by evaporation, a
process known as canopy interception (Kermavnar and Vilhar, 2017; Xiao et al., 1998). For
example, Livesley et al. (2014) estimated that eucalypt tree species can reduce rainfall reaching
the ground by up to 45% in an urban street setting in Melbourne (Australia). However, canopy
interception is strongly influenced by tree structure (e.g., leaf and stem surface areas, foliation
period, species dimensions) and meteorological factors (e.g., amount, duration, intensity of rain
events, evaporation rates) (Holder and Gibbes, 2017; Xiao et al., 2000). Xiao and McPherson
(2002) found variations in the rainfall interception both depending on tree species (i.e., small
canopy trees are much less effective in intercepting rainfall) and season (i.e., 14.8% of rainfall
interception during a winter storm and 79.5% during a similar storm in summer for a large
deciduous tree).
The ability of urban trees to be effective in mitigating the impacts of urbanization is
strongly linked to the their health, stability, and longevity, which in turn depend on the ability
of the root systems to grow in urban soil conditions to then acquire water and nutrients (Bijoor
et al., 2012; Day et al., 2010a). Root growth and development in urban settings are often
impaired by impenetrable or inhospitable soil layers, little suitable soil volume, and
underground infrastructure, as well as by chemical contamination and excessive heat, thus
influencing tree growth (Day et al., 2010b). In turn, tree roots alter the belowground
environment through their impact on biological, physical, and chemical soil properties, thus
affecting nutrient and carbon cycling, soil structure and infiltration processes. In particular, root
systems increase the capacity and rate of soils to infiltrate rainfall along root channels, thus
improving groundwater recharge (Bartens et al., 2008).
Biological factors such as tree size, rooting depth, and LAI also have a great impact on
tree transpiration. Trees planted in urban landscapes are often exposed to high atmospheric
evaporative demand because of the UHI, which results in increased temperatures and lower air
humidity; this can raise tree transpiration rates, where sufficient soil moisture can sustain higher
transpiration levels (Zipper et al., 2017). At the same time, limited rooting space, soil
compaction, and water stress strongly affect stomatal regulation, and thus transpiration rates
(Asawa et al., 2017; Chen et al., 2011; Cregg, 1995; Cregg and Dix, 2001; Litvak et al., 2011).
Vegetation response to urban conditions also strongly depends on the plant species and
composition. For example, Peters et al. (2010), measuring sap flux in several dominant tree
species in a suburban neighborhood in Minnesota (USA), found that evergreen needle leaf trees
have higher total annual transpiration than deciduous broadleaf trees.
The coexistence of remaining native vegetation and introduced non-native species in
urban green spaces may create unique biotic communities with potentially higher water
demand, and different and more complex patterns of ET (Pataki et al., 2011a). In irrigated urban
landscapes, soil moisture may be non-limiting, and vegetation can show higher transpiration
rates largely controlled by stomatal responses to environmental conditions (e.g., Litvak et al.,
2017; Litvak and Pataki, 2016). In southern California, for example, the combination of moist,
irrigated soils and dry air often leads to higher urban ET than the surrounding natural ecosystem
(Litvak et al., 2011). In the Los Angeles metropolitan area, where trees are often irrigated, their
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stomatal behavior can be consistent with the general relationship between transpiration and
stomatal sensitivity in natural environments, as shown by Litvak et al. (2012).
In arid and semi-arid urban landscapes, plant-available soil moisture is the major driver
for the viability of vegetation species, in particular for high water use, non-native plants
(McCarthy and Pataki, 2010). For this reason, water-conserving landscape designs are
encouraged as well as appropriate irrigation-scheduling depending on plant water demands
(Breyer et al., 2018; Pataki et al., 2011c). Landscape design strategies include the conversion
of more traditional mesic landscapes with xerophytic vegetation, which requires less water and
it is recognized to be more water conservative (e.g., Holder and Gibbes, 2017; Martin and
Stabler, 2002). In this context, McCarthy et al. (2011) suggested the water-use efficiency
(WUE) (i.e., the ratio of water used in plant metabolism to water lost by the plant through
transpiration) as a measurable indicator of the trade-off between the water use and the
ecosystem services related to the growth rate to help in maximizing the growth while conserving
water.
3.3. GREENHOUSE GAS EMISSIONS FROM URBAN SOILS
The environmental changes associated with urbanization, combined with human disturbances
and landscape management, make urban areas hotspots for biogeochemical cycling and
production of greenhouse gases (GHGs) (Decina et al., 2017; Galloway et al., 2008; Hutyra et
al., 2014; Kaye et al., 2006; Livesley et al., 2016a; Pouyat et al., 2007).
Cities are commonly sources of CO2, N2O, and CH4 as shown by eddy covariance
observations above urbanized areas (Crawford et al., 2011; Famulari et al., 2010; Grimmond et
al., 2004; Pawlak and Fortuniak, 2016). Human activities are mostly responsible for greenhouse
gas emissions from urban areas, mainly from burning fossil fuels for electricity, heat, and
transportation (IPCC, 2015; Kennedy et al., 2009). For example, Idso et al. (2001) found a
strong but variable urban CO2 dome in the Phoenix metropolitan area with a maximum peak in
CO2 concentration in the center of the city 75% greater than that of the surrounding rural area.
Vegetated areas also have the potential to offset these anthropogenic emissions by reducing the
level of atmospheric CO2 as a result of their CO2 uptake through photosynthesis (Kordowski
and Kuttler, 2010; Nordbo et al., 2012).
Urban soils represent a major source of GHGs with the magnitude of emissions greatly
influenced by urban environmental factors. Urbanization strongly affects soil carbon (C) and
nitrogen (N) cycling and related GHG emissions (Lorenz and Lal, 2009; Pouyat et al., 2002).
The exchange of CO2, N2O, and CH4 between urban soils and the atmosphere strongly depends
on factors that are greatly modified by urbanization, such as soil moisture and temperature, soil
structure and texture, nutrient inputs and substrate availability (van Delden et al., 2016).
In urban environments, soils are often disturbed through removal and compaction, and the
introduction of impervious surfaces, having strong influences on the soil structure and texture,
C pools, and microbial community structure and function. Additionally, land management
practices, such as fertilization and irrigation, have the potential to increase soil organic C
accumulation and N inputs, which might result in increased GHG emissions, including N2O
and CH4 (e.g., Kaye et al., 2004; Livesley et al., 2010). For example, in northern Colorado,
urban lawns account for 30% of the soil N2O emissions from that region, just occupying 6.4%
of the land area (Kaye et al., 2004).
The impact of all these anthropogenic drivers on C and N cycles takes place through
complex interactions at various levels, making it difficult to identify the contribution of
individual factors. This section focuses on the exchange of the three major GHGs (i.e., CO2,
N2O, and CH4) between soil and atmosphere, and does not provide a complete review of the
soil C and N cycles (see Chapter xx and Lal and Stewart (2017) for more details).
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Several studies in the last two decades have been conducted to assess the magnitude of
GHG fluxes from urban vegetated soils and the related effects of urban environmental changes.
Some of these results are shown in Tables 3, 4, and 5 for CO2, N2O, and CH4 respectively.
Variations in soil CO2 emission rates across urban, rural, and natural environments are
shown in Table 3. Long-term data collected within the Baltimore Ecosystem Study (Groffman
et al., 2006; Groffman et al., 2009) showed marked seasonal patterns in the CO 2 fluxes with
highest rates during warmer seasons. Lawns often have the highest CO2 fluxes, especially when
highly managed (i.e., watered and fertilized regularly) (e.g., Golubiewski, 2006; Kaye et al.,
2005; Koerner and Klopatek, 2010; Pouyat et al., 2002). In arid and semiarid regions, such as
the Phoenix metropolitan area, urbanization drastically changed the biologic structure of the
ecosystem mainly due to water and energy subsidies, which in turn impact carbon stock and
fluxes (Koerner and Klopatek, 2002; Koerner and Klopatek, 2010). In such ecosystems, soil
respiration rates significantly increase compared to desert remnant areas because soil moisture
is recognized to be the main factor controlling soil CO2 efflux.
In terms of N2O fluxes (Table 4), the climatic region plays a crucial role in the magnitude
of such emissions. In humid areas, such as Baltimore, although urban grasslands can be heavily
fertilized and irrigated, N2O fluxes are not higher than those from urban forest plots; moreover,
lower fluxes were found in the more heavily fertilized grass sites compared to less fertilized
sites (Groffman et al., 2009). In dry regions, such as Colorado and Arizona, on the contrary,
urban lawns exhibit higher N2O fluxes compared to the native landscapes (see also Chapter
xy(emissions)) due to the combination of fertilizer and water inputs (Hall et al., 2008; Kaye et
al., 2004).
The use of fertilizer may not have an immediate effect on N2O and CO2 fluxes. For
example, Raciti et al. (2011) found a significant increase in N2O fluxes several days after
fertilization. Livesley et al. (2010) obtained similar results by measuring N2O emissions in lawn
plots in Melbourne (Australia). In this specific case study the application of fertilizer caused a
peak in N2O emissions six days after its application. However, they found that irrigation and
soil moisture content, rather than fertilizer, determine the long-term mean differences in N2O
emissions.
The net flux of CH4 (Table 5) from soils is the results of anaerobic production and aerobic
consumption of CH4 (see Chapter xy and Wachinger et al., 2000). Soils in natural ecosystems,
such as temperate forest, grassland, and desert, are normally CH 4 sinks; soils in urban
ecosystems instead have low rates of CH4 uptake (Costa and Groffman, 2013). Reduced CH4
uptake were recorded in the urban forest sites within the Baltimore Ecosystem Study compared
to the rural forest sites, while almost negligible fluxes were found in lawns (Groffman and
Pouyat, 2009). Rural sites show higher CH4 consumption compared to urban forest sites also in
Guangzhou City metropolitan area (South China) (Zhang et al., 2014a).
CH4 uptake is affected by urbanization through environmental changes in chemistry,
climate, and land transformation (Costa and Groffman, 2013). In particular CH4 uptake can be
influenced by soil texture and moisture, mainly because of the rate of diffusion of atmospheric
CH4 into the soil. For example, coarse-textured and dry soils have higher rates of uptake due to
enhanced diffusion rates. CH4 uptake is also strongly affected by high levels of atmospheric
CO2 and N additions (i.e. N deposition), which exert an inhibitory effect. Finally, differences in
the population of CH4 oxidizing organisms may play an important role in the CH 4 dynamics.

Table 3: CO2 soil emission rates in gCO2-C m-2 h-1 for different cover types and climatic
regions. Ranges have been often extrapolated from figures and then rounded for clarity (see
original literature for more details).
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Region/Climate
Phoenix
(Arizona)
Tropical and
Subtropical
Desert

Land type
- Native desert
- Abandoned
agricultural
- Xeric landscape
- Mesic landscape (1)
- Agricultural land
- Golf courses
- Landfills
- Urban lawns (2)
- Dryland wheatfallow
- Irrigated corn

Rate
0.02

- Native shortgrass

0.10

Baltimore
(Maryland)
Humid
Subtropical

- Urban forest
- Rural forest

Baltimore (3)
(Maryland)
Humid
Subtropical

- Urban forest
- Rural forest
- Urban grassland

Melbourne
(Australia)
Marine West
Coast

-

Fort Collins
(Colorado)
Tropical and
Subtropical
Steppe
(3)

Melbourne
(Australia)
Marine West
Coast

Urban lawn(4):
Rain only
Rain+Fertilizer
Irrigated
Irrigated+Fertilizer
Rain reduced
Mulch+Irrigated
Biofilter(5):
- Cell I
- Cell III

Comments
Means
June 2000 May 2001

Findings
Lowest CO2 emissions in the
desert area, abandoned
agricultural and xeric land.
Highest rates of CO2 in the
landfills.
CO2 fluxes increase with
increasing soil moisture.

Reference
Koerner and
Klopatek
(2002)

Annual
means
January December
2001

Seasonal and annual variability in
CO2 fluxes.
Higher CO2 emissions and C
allocation in urban lawns due to
fertilization and irrigation inputs.

Kaye et al.
(2005)

0.09
0.07

Means
fall 1998 fall 2002

CO2 fluxes are strongly
influenced by exposure to the
urban land use and atmosphere.

Groffman et
al. (2006)

0.12
0.08
0.11

Means
June 2001 May 2004

High CO2 fluxes in the grass
plots driven by high productivity
and high temperatures in the
grass plots (lack of tree canopy).

Groffman et
al. (2009)

Means
AugustNovember
2007

No significant difference in CO2
emissions among the lawn and
mulched treatments.

Livesley et
al. (2010)

Means
March-May
2011
JanuaryFebruary
2012
Means
July December
2012

Small values of CO2 fluxes due
to low levels of soil C in the
biofilter (new sand dominated
system).

Grover et al.
(2013)

Influence of management
practices on CO2 fluxes in urban
tropical grassland.
Bare soils: lowest mean CO2
efflux rates.
Turf with no grass clipping:
highest mean CO2 efflux rates.
Similar values between urban and
rural forest soils considering
growing season mean soil CO2
efflux rates.

Ng et al.
(2015)

0.04
0.04
0.30
0.25
0.33
0.59
0.31
0.05
0.12

0.39
0.41
0.42
0.47
0.37
0.38
0.10
0.10

Singapore
Tropical
Rainforest

-

Bare soil NC (6)
Bare soil WC
Turf soil NC
Turf soil WC

0.10
0.14
0.36
0.30

Boston
(Massachusetts)
Hot Summer
Continental

-

Urban forest
Rural forest
Urban lawn
Urban landscaped

0.11
0.19
0.29
0.13

(1)
(2)
(3)
(4)
(5)

(6)

Growing
season means
May November
2014

Decina et al.
(2016)

Grass lawns
Well-managed with irrigation, mowing, and fertilization.
Baltimore ecosystem Study Long-term Study Plots.
5 different lawn treatments with different water and nutrient management and 1 mulched and drip irrigated garden bed.
Biofilter that treats stormwater from a multistory carpark; no fertilization. It is divided in three cells, but experiments were
conducted in cell I (sandy loam) and cell III (80% sandy loam, 10% compost, and 10% hardwood mulch).
NC: no grass clipping; WC: whit grass clipping.
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Table 4: N2O soil emission rates in μgN2O-N m-2 h-1 for different cover types and climatic
regions. Ranges have been often extrapolated from figures and then rounded for clarity (see
original literature for more details).
Region/Climate
Fort Collins
(Colorado)
Tropical and
Subtropical
Steppe

Land type
- Native shortgrass
- Dryland wheat-fallow
- Irrigated corn
- Urban lawns(1)

Rate
2.20
1.80
23.20
27.60

Comments
Annual fluxes
November
2000 to
November
2001

Findings
N2O fluxes from urban
grassland are about 10
times larger than emissions
from native grassland.

Reference
Kaye et al.
(2004)

Baltimore (2)
(Maryland)
Humid
Subtropical
Climate

- Urban forest
- Rural forest

14.30
7.00

Means
fall 1998 fall 2002

Groffman et al.
(2006)

Baltimore (2)
(Maryland)
Humid
Subtropical
Climate

- Urban forest
- Rural forest
- Urban grassland

40.54
6.22
25.14

Means
June 2001 May 2004

Phoenix
(Arizona)
Tropical and
Subtropical
Desert

- Urban lawns
- Managed Xeriscapes
- Remnant desert sites (3)

36.11
11.11
5.78

Means taking
into account
measurements
before and
after watering
March 2001
May/June
2006

Irvine
(California)
Mediterranean

- Urban lawns
(ornamental lawns and
athletic fields)

11.5234.25

Melbourne
(Australia)
Marine West
Coast

-

Annual
means
depending on
fertilization
rate
Means
AugustNovember
2007

Finest textured soils lead to
higher N2O fluxes.
Species change (plant or
soil community) is a
powerful driver of N
cycling along urban to rural
gradients.
Although urban grasslands
can be heavily fertilized
and irrigated, N2O fluxes
are lower than urban forest
plots.
Water could be the key
driver of N2O emissions in
urban landscapes.
Highest N2O fluxes rates
during wetter months.
Higher N2O emissions in
urban lawns.
Alternative urban
landscaping practices
(xeriscape) can reduce N2O
emissions and promote
water conservation.
Increased N2O emissions in
urbanized areas compared
to the native landscaped
due to the expansion of
irrigated and fertilized
lawns.
Great impact of fertilization
on N2O emissions.

Irrigation and soil moisture
content, rather that fertilizer
and N status, influence
long-term mean differences
in N2O emissions among
treatments.

Livesley et al.
(2010)

Higher N2O in cell III may
be attributed to
denitrification occurring
within the saturated zone
and the wet pockets within
the unsaturated filter media.

Grover et al.
(2013)

Melbourne
(Australia)
Marine West
Coast

(1)
(2)
(3)
(4)
(5)

Urban lawn(4):
Rain only
Rain+Fertilizer
Irrigated
Irrigated+Fertilizer
Rain reduced
Mulch+Irrigated
Biofilter(4):
- Cell I
- Cell III

18.00
15.67
28.67
28.00
9.00
14.13
13.70
65.60

Means
March-May
2011
JanuaryFebruary
2012

Groffman et al.
(2009)

Hall et al.
(2008)

Townsend‐
Small and
Czimczik
(2010)

Well-managed with irrigation, mowing, and fertilization.
Baltimore ecosystem Study Long-term Study Plots.
Protected Sonora Desert lands within the urban core.
Five different lawn treatments with different water and nutrient management and one mulched and drip irrigated garden bed.
Biofilter that treats stormwater from a multistorey carpark; no fertilization. It is divided in three cells, but experiments were
conducted in cell I (sandy loam) and cell III (80% sandy loam, 10% compost, and 10% hardwood mulch).
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Table 5: CH4 soil rates in μgCH4-C m-2 h-1 for different cover types and climatic regions.
Ranges have been often extrapolated from figures and then rounded for clarity (see original
literature for more details).
Region/Climate
Fort Collins
(Colorado)
Tropical and
Subtropical
Steppe

Land type
- Native shortgrass
- Dryland wheat-fallow
- Irrigated corn
- Urban lawns(1)

Rate
-20.43
-34.85
-11.42
-16.82

Comments
Annual
fluxes
November
2000 to
November
2001

Baltimore (2)
(Maryland)
Humid
Subtropical
Climate

- Urban forest
- Rural forest

-42.19
-79.17

Means
fall 1998 fall 2002

Baltimore (2)
(Maryland)
Humid
Subtropical
Climate

- Urban forest
- Rural forest
- Urban grassland

-33.75
-70.68
-1.06

Means
June 2001 May 2004

Melbourne
(Australia)
Marine West
Coast

- Urban lawn(3):
- Rain only
- Rain+Fertilizer
- Irrigated
- Irrigated+Fertilizer
- Rain reduced
- Mulch+Irrigated
Biofilter(4):
- Cell I
- Cell III

Melbourne
(Australia)
Marine West
Coast

(1)
(2)
(3)
(4)

-6.67
-4.17
-5.00
-5.00
-3.33
-31.25
-18.30
-3.80

Means
AugustNovember
2007

Means
March-May
2011
JanuaryFebruary
2012

Findings
Highest CH4 uptake in the
native grasslands.
Lowest mean CH4 uptake
rates in corn and urban
lawns.
CH4 from urban soils is half
of the flux from native
grasslands.
Significant differences in
CH4 uptake between urban
and rural land.
CH4 strongly influenced by
soil texture and moisture.
Coarse-textured dry soils
have the highest rates of
uptake due to enhanced
diffusion of atmospheric
CH4 into the soil.
Highest consumption in
rural forest sites.
Negligible fluxes from
urban lawns due to the
inhibitory effect of N
additions on CH4 uptake
(“lawn effect”).
CH4 is strongly affected by
soil moisture with an effect
on diffusion (essential for
the movement of CH4 from
the atmosphere to the
microorganisms that oxidize
in the soil).
No significant difference
between the long-term mean
soil CH4 exchange rates in
any of the lawn treatments.

Reference
Kaye et al.
(2004)

CH4 sink strength of the cell
with the saturated zone (cell
III) is lower than cell I.
CH4 uptake rates similar to
other urban lawn systems.
Biofilter cells have
occasional large CH4
emissions following inflow
events.

Grover et al.
(2013)

Groffman et
al. (2006)

Groffman
and Pouyat
(2009)

Livesley et
al. (2010)

Well-managed with irrigation, mowing, and fertilization.
Baltimore ecosystem Study Long-term Study Plots.
Five different lawn treatments with different water and nutrient management and one mulched and drip irrigated garden bed.
Biofilter that treats stormwater from a multistorey carpark; no fertilization. It is divided in three cells, but experiments were
conducted in cell I (sandy loam) and cell III (80% sandy loam, 10% compost, and 10% hardwood mulch).

4. Modeling urban ecosystems
Hydrologic modelling of urban environments is very complex because of the range of natural
and anthropogenic processes involved. Although the nature and objectives of urban models
cover a wide range (Masson, 2006), a large part of the hydrologic modelling in urban areas has
focused on simulating storm water quantity and quality, often with lumped and semi-distributed
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models (Fletcher et al., 2013; Mejía et al., 2014; Petrucci and Bonhomme, 2014; Salvadore et
al., 2015; Zoppou, 2001). Ecohydrological models, describing the water dynamics across the
soil-plant-atmosphere continuum through coupling hydrologic and biophysical processes, have
been mainly used to study natural and rural environments (e.g., Fatichi et al., 2016; Fatichi et
al., 2014). However, the need to quantify impacts and reveal tradeoffs associated with the
conversion of natural to urban landscapes has led to a growing interest in applying
ecohydrological models to urbanized areas (Salamanca et al., 2018).
The objective of this section is to give an overview of available models in literature that
have extended the analysis of hydro-biophysical processes from natural environments to urban
areas at different scales. Three main scales are identified: (i) ecohydrological models that
represent regional- to catchment-scale interactions between major biogeochemical cycles,
water cycle, and vegetation dynamics, (ii) models that operate at the neighborhood scale to
simulate soil-plant-atmosphere interactions, and (iii) models that simulate water and nutrient
dynamics at the tree level.
We do not explicitly discuss urban storm water models, such as MIKE URBAN
(www.dhisoftware.com/mikeurban), Storm Water Management Model (SWMM; Huber et al.,
1988), Models of Urban Storm-water Improvement Conceptualization (MUSIC; Wong et al.,
2002), Urban Runoff Branching Structure (URBS; Rodriguez et al., 2005), MOdel for Urban
SEwers (MOUSE; Lindberg et al., 1989), and CANOE® (Lhomme et al., 2004), which are
frequently used for the integrated management of urban runoff (Fletcher et al., 2013). Some of
these models are also useful to predict water flow effects of LID, WSUD, and SUDS (Elliott
and Trowsdale, 2007) as well as the water treatment performance of such systems (e.g., Daly
et al., 2012; Kabir et al., 2017; Locatelli et al., 2017; Randelovic et al., 2016; Vezzaro et al.,
2011; Vezzaro et al., 2012).
4.1. REGIONAL TO CATCHMENT SCALE
Applications of catchment scale ecohydrological models in urbanized environments are still
rare, and few examples are reported here.
To investigate water fluxes at the regional scale over a long period where dramatic
environmental changes in climate and land use happened, Liu et al. (2013) applied the dynamic
land ecosystem model (DLEM) to the drainage basin of the Gulf of Mexico during the period
1901-2008. Coupling major biogeochemical cycles, water cycle, and vegetation dynamics,
DLEM allowed for the investigation of spatial and temporal variations in evapotranspiration
(ET) and runoff (R) due to climate and land use changes. The study shows that climate change
is the dominant factor controlling the inter-annual variations of ET and runoff, with
precipitation playing the major role in the variations of annual water fluxes over the whole
region. Both changes in land use and climate led to a general reduction in ET during the study
period with high spatial heterogeneity due to different microclimate conditions across the
region.
Shields and Tague (2015) have applied the Regional Hydro-Ecological Simulation
System (RHESSys) to an urbanized catchment in Santa Barbara, California (USA), to study the
impact of impervious area connectivity on water and carbon fluxes in a heterogeneous urban
precinct. Results show that the amount of impervious surfaces with a direct hydrologic
connection to the drainage network (i.e., effective impervious area, EIA) has a significant
impact on transpiration (T) and net primary productivity (NPP). In particular, by reducing the
EIA fraction, the reductions in T and NPP associated with increased impervious areas and
vegetation loss are significantly lower.
To simulate the effects of changes of urban tree cover and impervious surfaces on urban
hydrology at the catchment scale, the U.S. Department of Agriculture (USDA) Forest Service
developed UFORE-Hydro, now called i-Tree Hydro, a semi-distributed urban soil-vegetation-
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atmosphere transfer scheme (Wang et al., 2008). The model represents the watershed surface
as impervious or pervious surfaces both with a certain percentage of canopy cover. The model
was firstly applied to an urban catchment of about 15 km2 in Baltimore to examine the tree
interception under different vegetative and meteorological conditions as well as the tree effects
on runoff generation. Results showed how trees significantly reduce runoff, in particular for
low intensity and short duration rainfall events. i-Tree Hydro is part of the i-Tree software suite
for urban forest analysis and benefit assessment. Within i-Tree, entire urban forests and street
trees can be studied with i-Tree Eco and i-Tree Streets respectively, to estimate vegetation
structure (e.g., urban tree growth) and ecosystem services (McPherson and Peper, 2012; Pace
et al., 2018).
4.2. NEIGHBORHOOD SCALE
At smaller spatial scales, a more extensive literature exists on modeling the interactions between
urban surfaces, vegetation, and the atmosphere.
Common urban canopy models available in the literature are radiative models centered
on the energy balance of urban canyons or precincts. A review of the features of these models
can be found in Grimmond et al. (2010) and references therein. A recognized limitation of these
models is the description of latent heat fluxes associated with the presence of vegetation in the
urban landscape. These fluxes are often not included (Krayenhoff and Voogt, 2007) or their
description is simplified (Krayenhoff et al., 2014; Lee and Park, 2008).
Recently, urban trees have been embedded in some urban canopy energy balance models,
linking these models to the soil water balance (e.g., Ryu et al., 2016). For example, Nice et al.
(2018) modified the Temperature and Urban Facets in 3D (TUF-3D; Krayenhoff and Voogt,
2007) to create Vegetated Temperatures of Urban Facets in 3D (VTUF-3D). TUF-3D is a
microscale energy balance model for urban environments, where energy fluxes are described
via radiation, convection and conduction. VTUF-3D was developed by coupling TUF-3D to
the MAESPA tree process model (Duursma and Medlyn, 2012), which couples canopy
processes, such as radiative transfer, transpiration and carbon assimilation, to the soil water and
energy balances. Once embedded into TUF-3D, MAESPA can account for the effect of trees
due to shading of buildings as well as the role of urban trees in affecting soil and air
temperatures via root water uptake, interception, and transpiration.
These energy balance models keep a certain level of simplicity and are mostly centered
on the simulation of surface temperatures of buildings and paved areas, using a simplified
description of atmospheric wind speed and temperatures. Computational fluid dynamics models
(CFD), such as Large Eddy Simulation (LES) (e.g., Bou-Zeid et al., 2009; Giometto et al., 2016;
Girard et al., 2017; Hertwig et al., 2017a; Hertwig et al., 2017b; Kanda et al., 2013; Toparlar et
al., 2017), can provide detailed descriptions of wind speed and temperatures within the urban
atmospheric boundary layer. Differently from radiative models, CFD models are
computationally demanding and present challenges with the representation of geometrical
features of the urban landscape. Nonetheless, recent studies with LES were able to include the
geometry of street trees identifying their role in reducing pressure loads on buildings (Giometto
et al., 2017; Giometto et al., 2016).
A well-established CFD model for urban precincts is ENVI-met© (Bruse and Fleer, 1998),
which couples the incompressible Reynolds Averaged Navier-Stokes equations to advectiondiffusion equations for specific humidity and temperature and includes spatially variable
sources due to tree canopies. ENVI-met is largely used in microclimatic analysis that involve
the study of urban vegetation and its potential to mitigate human heat stress (e.g., Lee et al.,
2016; Morakinyo et al., 2017; Simon et al., 2018).
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4.3. TREE SCALE
Very few studies exist in the literature focused on modeling the water dynamics in soil-plant
systems in urban environments at the local tree scale, despite the importance of urban trees and
their ecosystem services.
Several authors suggest the application of a stochastic model of the soil water balance,
previously applied to natural and agricultural environments (e.g., Chapter 3; Daly et al., 2004;
Laio et al., 2001; Vico and Porporato, 2011), to urban areas. Specific applications include the
study of water dynamics in isolated and in-row trees (Vico et al., 2014) and irrigated and nonirrigated experimental landscaping treatments (Volo et al., 2014). These models, explicitly
including rainfall unpredictability within a probabilistic framework, quantify the statistics of
tree transpiration and water stress from the statistics of soil moisture, which depend on tree
characteristics (i.e., species, size), planting design, root zone features, and precipitation and
irrigation frequencies and amounts.
Having a model to explore planting design and irrigation scenarios on plant water stress
can be particularly useful in desert urban landscapes, where plant-available soil moisture is a
major driver for vegetation health, in particular for non-native plants (McCarthy and Pataki,
2010). For example, Volo et al. (2014) applied the model to the Phoenix metropolitan area to
explore the effects of irrigation in terms of soil moisture dynamics, water balance partitioning,
and plant water stress taking into account xeric (i.e., low water use vegetation) and mesic (i.e.,
turf grass and high water use trees) landscape design.
The model used by Vico et al. (2014) for assessing street tree water balance was recently
coupled with the nutrient dynamics model proposed by Porporato et al. (2003) to explore the
feedbacks between water and nutrient dynamics in the context of urban street trees (Revelli and
Porporato, 2018). Model results (i.e., soil water and N concentration, water and N fluxes in and
out of the system) can be used to quantify some ecosystem services provided by street trees,
such as cooling effect, soil carbon sequestration, and storm-water management. In particular,
the authors found that urban design (e.g., design of the soil compartment around the tress) and
irrigation schedules must be optimized to enhance ecosystem services and minimize plant water
stress.
5. Conclusion and future directions
Given the speed at which cities are expanding and becoming densely populated, there is a
growing need to support sustainable uses of soil, vegetation, and water resources in urban areas.
It is well known that urbanization drives significant environmental changes at multiple
spatial and temporal scales. Evidence of the influence of urbanization on local and regional
climate are extensively documented, in particular in relation to the UHI effect and human
thermal comfort. The impacts of urban development on hydrological and biogeochemical cycles
have been quite well studied in the last two decades. Recently, more attention has been paid to
the components of the urban water balance that are still highly uncertain (e.g., ET) and quite
difficult to determine due to the complex heterogeneity of the urban landscape. Modeling tools
are also available to assess the interactions between surfaces, vegetation, and the atmosphere in
urban areas in particular from a climatic perspective.
Sustainable uses of soil and water resources in urban areas need to be supported by a
better understanding of the ecosystem responses to the environmental changes associated with
urbanization. Given these challenges, possible future directions for urban ecohydrology are
suggested. The potential of UHI-induced changes to impact patterns of water, energy, and
carbon cycling within cities is highlighted in several studies (e.g., Zipper et al., 2017).
However, there is a need to improve empirical evidence of ET patterns in urban areas and to
better understand the bidirectional feedbacks between urban vegetation and UHI, in particular
in terms of evaporative cooling. Moreover, quantifying the carbon balance of urban areas,
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including both green and non-green areas, may represent a hot topic for future research, also
taking into account how urban warming could affect carbon sequestration and emissions from
urban soils.
A better understanding of the interaction between urban trees and the built environment
is needed, in particular in terms of limited root growth due to soil compaction and infrastructure
elements, and limited canopy growth due to radiation interception by buildings.
Ecohydrological modeling of urban areas is perhaps the least explored research area. Several
existing distributed models, which couple hydrological processes and vegetation dynamics
(e.g., Tethys-Chloris, Fatichi et al. (2012); tRIBS-VEGGIE, Ivanov et al. (2008); CATHYNoahMP, Niu et al. (2014)) could be extended to urban areas. Moreover, coupling radiative
models with hydrological models and perhaps C and N cycle models at different scales, taking
for example into account the UHI impacts, would bring an integrated and more complete
evaluation of urban ecohydrological processes.
6. Acknowledgements
Valentina Marchionni and Edoardo Daly thank the support of the Australian Research Council,
and the City of Greater Dandenong and Moonee Valley City councils through the Linkage
project LP150100901. Roberto Revelli acknowledges the support from the European Union’s
Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant
agreement ”ECO.G.U.S. - ECOsystem services for resilient and sustainable cities: an
ecohydrological approach for Green Urban Spaces” (#701914).
7. References
Akbari, H. (2002). Shade trees reduce building energy use and CO 2 emissions from power plants, Environmental
pollution, 116:S119-S126.
Armson, D., P. Stringer, and A. Ennos (2012). The effect of tree shade and grass on surface and globe temperatures in
an urban area, Urban Forestry & Urban Greening, 11:245-255.
Arnfield, A.J. (2003). Two decades of urban climate research: a review of turbulence, exchanges of energy and water,
and the urban heat island, International journal of climatology, 23:1-26.
Asawa, T., T. Kiyono, and A. Hoyano (2017). Continuous measurement of whole‐tree water balance for studying urban
tree transpiration, Hydrological Processes.
Balling, R. and S. Brazel (1987). Recent changes in Phoenix, Arizona summertime diurnal precipitation patterns,
Theoretical and Applied Climatology, 38:50-54.
Balling, R.C., P. Gober, and N. Jones (2008). Sensitivity of residential water consumption to variations in climate: an
intraurban analysis of Phoenix, Arizona, Water Resources Research, 44.
Barron, O., A. Barr, and M. Donn (2013). Effect of urbanisation on the water balance of a catchment with shallow
groundwater, Journal of Hydrology, 485:162-176.
Bartens, J., S.D. Day, J.R. Harris, J.E. Dove, and T.M. Wynn (2008). Can Urban Tree Roots Improve Infiltration
through Compacted Subsoils for Stormwater Management? All rights reserved. No part of this periodical
may be reproduced or transmitted in any form or by any means, electronic or mechanical, including
photocopying, recording, or any information storage and retrieval system, without permission in writing
from the publisher, Journal of Environmental Quality, 37:2048-2057.
Berland, A., S.A. Shiflett, W.D. Shuster, A.S. Garmestani, H.C. Goddard, D.L. Herrmann, and M.E. Hopton (2017).
The role of trees in urban stormwater management, Landscape and Urban Planning, 162:167-177.
Bijoor, N.S., H.R. Mccarthy, D. Zhang, and D.E. Pataki (2012). Water sources of urban trees in the Los Angeles
metropolitan area, Urban Ecosystems, 15:195-214.
Boggs, J. and G. Sun (2011). Urbanization alters watershed hydrology in the Piedmont of North Carolina,
Ecohydrology, 4:256-264.
Bolund, P. and S. Hunhammar (1999). Ecosystem services in urban areas, Ecological economics, 29:293-301.
Bonan, G.B. (1997). Effects of land use on the climate of the United States, Climatic Change, 37:449-486.
Bonneau, J., T.D. Fletcher, J.F. Costelloe, and M.J. Burns (2017). Stormwater infiltration and the ‘urban karst’–A
review, Journal of Hydrology, 552:141-150.
Bou-Zeid, E., J. Overney, B.D. Rogers, and M.B. Parlange (2009). The effects of building representation and clustering
in large-eddy simulations of flows in urban canopies, Boundary-layer meteorology, 132:415-436.
Bowler, D.E., L. Buyung-Ali, T.M. Knight, and A.S. Pullin (2010). Urban greening to cool towns and cities: A
systematic review of the empirical evidence, Landscape and urban planning, 97:147-155.

Ecohydrology of urban ecosystems

21

Boyd, M., M. Bufill, and R. Knee (1993). Pervious and impervious runoff in urban catchments, Hydrological Sciences
Journal, 38:463-478.
Brazel, A., N. Selover, R. Vose, and G. Heisler (2000). The tale of two climates—Baltimore and Phoenix urban LTER
sites, Climate Research, 15:123-135.
Breyer, B., S.C. Zipper, and J. Qiu (2018). Sociohydrological Impacts of Water Conservation Under Anthropogenic
Drought in Austin, Texas (USA), Water Resources Research.
Broadbent, A.M., A.M. Coutts, N.J. Tapper, and M. Demuzere (2017a). The cooling effect of irrigation on urban
microclimate during heatwave conditions, Urban Climate.
Broadbent, A.M., A.M. Coutts, N.J. Tapper, M. Demuzere, and J. Beringer (2017b). The microscale cooling effects of
water sensitive urban design and irrigation in a suburban environment, Theoretical and Applied
Climatology:1-23.
Bruse, M. and H. Fleer (1998). Simulating surface–plant–air interactions inside urban environments with a three
dimensional numerical model, Environmental modelling & software, 13:373-384.
Burian, S.J. and J.M. Shepherd (2005). Effect of urbanization on the diurnal rainfall pattern in Houston, Hydrological
Processes, 19:1089-1103.
Caird, M.A., J.H. Richards, and L.A. Donovan (2007). Nighttime stomatal conductance and transpiration in C3 and C4
plants, Plant physiology, 143:4-10.
Chang, C.-R., M.-H. Li, and S.-D. Chang (2007). A preliminary study on the local cool-island intensity of Taipei city
parks, Landscape and Urban Planning, 80:386-395.
Changnon, S., 1981. METROMEX: A review and summary. Springer.
Chapman, S., J.E.M. Watson, A. Salazar, M. Thatcher, and C.A. Mcalpine (2017). The impact of urbanization and
climate change on urban temperatures: a systematic review, Landscape Ecology, 32:1921-1935.
Chen, L., Z. Zhang, Z. Li, J. Tang, P. Caldwell, and W. Zhang (2011). Biophysical control of whole tree transpiration
under an urban environment in Northern China, Journal of Hydrology, 402:388-400.
Cheng, X., B. Wei, G. Chen, J. Li, and C. Song (2014). Influence of park size and its surrounding urban landscape
patterns on the park cooling effect, Journal of Urban Planning and Development, 141:A4014002.
Chiesura, A. (2004). The role of urban parks for the sustainable city, Landscape and urban planning, 68:129-138.
Chow, W.T., R.L. Pope, C.A. Martin, and A.J. Brazel (2011). Observing and modeling the nocturnal park cool island
of an arid city: horizontal and vertical impacts, Theoretical and Applied Climatology, 103:197-211.
Cohen, P., O. Potchter, and A. Matzarakis (2012). Daily and seasonal climatic conditions of green urban open spaces
in the Mediterranean climate and their impact on human comfort, Building and Environment, 51:285-295.
Collier, C.G. (2006). The impact of urban areas on weather, Quarterly Journal of the Royal Meteorological Society,
132:1-25.
Costa, K.H. and P.M. Groffman (2013). Factors regulating net methane flux by soils in urban forests and grasslands,
Soil Science Society of America Journal, 77:850-855.
Costanza, R., R. D'arge, R. De Groot, S. Farber, M. Grasso, B. Hannon, K. Limburg, S. Naeem, R.V. O'neill, and J.
Paruelo (1997). The value of the world's ecosystem services and natural capital, nature, 387:253-260.
Costanza, R., R. De Groot, P. Sutton, S. Van Der Ploeg, S.J. Anderson, I. Kubiszewski, S. Farber, and R.K. Turner
(2014). Changes in the global value of ecosystem services, Global environmental change, 26:152-158.
Coutts, A.M., E. Daly, J. Beringer, and N.J. Tapper (2013a). Assessing practical measures to reduce urban heat: Green
and cool roofs, Building and Environment, 70:266-276.
Coutts, A.M., N.J. Tapper, J. Beringer, M. Loughnan, and M. Demuzere (2013b). Watering our cities: The capacity for
Water Sensitive Urban Design to support urban cooling and improve human thermal comfort in the
Australian context, Progress in Physical Geography, 37:2-28.
Coutts, A.M., E.C. White, N.J. Tapper, J. Beringer, and S.J. Livesley (2016). Temperature and human thermal comfort
effects of street trees across three contrasting street canyon environments, Theoretical and applied
climatology, 124:55-68.
Crawford, B., C. Grimmond, and A. Christen (2011). Five years of carbon dioxide fluxes measurements in a highly
vegetated suburban area, Atmospheric Environment, 45:896-905.
Cregg, B.M. (1995). Plant moisture stress of green ash trees in contrasting urban sites, Journal of Arboriculture, 21:271276.
Cregg, B.M. and M.E. Dix (2001). Tree moisture stress and insect damage in urban areas in relation to heat island
effects, Journal of Arboriculture, 27:8-17.
Daly, E., A. Deletic, B. Hatt, and T. Fletcher (2012). Modelling of stormwater biofilters under random hydrologic
variability: a case study of a car park at Monash University, Victoria (Australia), Hydrological Processes,
26:3416-3424.
Daly, E., A. Porporato, and I. Rodriguez-Iturbe (2004). Coupled dynamics of photosynthesis, transpiration, and soil
water balance. Part I: Upscaling from hourly to daily level, Journal of Hydrometeorology, 5:546-558.
Day, S.D., P. Eric Wiseman, S.B. Dickinson, and J. Roger Harris (2010a). Tree root ecology in the urban environment
and implications for a sustainable rhizosphere, Journal of Arboriculture, 36:193.
Day, S.D., P.E. Wiseman, S.B. Dickinson, and J.R. Harris (2010b). Contemporary concepts of root system architecture
of urban trees, Arboriculture & Urban Forestry, 36:149-159.
Decina, S.M., L.R. Hutyra, C.K. Gately, J.M. Getson, A.B. Reinmann, A.G.S. Gianotti, and P.H. Templer (2016). Soil
respiration contributes substantially to urban carbon fluxes in the greater Boston area, Environmental
pollution, 212:433-439.

22

MARCHIONNI, REVELLI and DALY

Decina, S.M., P.H. Templer, L.R. Hutyra, C.K. Gately, and P. Rao (2017). Variability, drivers, and effects of
atmospheric nitrogen inputs across an urban area: Emerging patterns among human activities, the
atmosphere, and soils, Science of The Total Environment, 609:1524-1534.
Defries, R. and K.N. Eshleman (2004). Land‐use change and hydrologic processes: a major focus for the future,
Hydrological processes, 18:2183-2186.
Dimoudi, A. and M. Nikolopoulou (2003). Vegetation in the urban environment: microclimatic analysis and benefits,
Energy and buildings, 35:69-76.
Dobbs, C., C.R. Nitschke, and D. Kendal (2014). Global drivers and tradeoffs of three urban vegetation ecosystem
services, PLoS One, 9:e113000.
Doick, K.J., A. Peace, and T.R. Hutchings (2014). The role of one large greenspace in mitigating London's nocturnal
urban heat island, Science of the total environment, 493:662-671.
Dover, J.W., 2015. Green infrastructure: Incorporating plants and enhancing biodiversity in buildings and urban
environments. Routledge.
Dow, C.L. and D.R. Dewalle (2000). Trends in evaporation and Bowen ratio on urbanizing watersheds in eastern United
States, Water Resources Research, 36:1835-1843.
Duursma, R.A. and B.E. Medlyn (2012). MAESPA: a model to study interactions between water limitation,
environmental drivers and vegetation function at tree and stand levels, with an example application to
[CO₂]× drought interactions.
Elliott, A. and S.A. Trowsdale (2007). A review of models for low impact urban stormwater drainage, Environmental
modelling & software, 22:394-405.
Elmqvist, T., H. Setälä, S. Handel, S. Van Der Ploeg, J. Aronson, J.N. Blignaut, E. Gomez-Baggethun, D. Nowak, J.
Kronenberg, and R. De Groot (2015). Benefits of restoring ecosystem services in urban areas, Current
Opinion in Environmental Sustainability, 14:101-108.
Endreny, T.A. (2005). Land use and land cover effects on runoff processes: urban and suburban development,
Encyclopedia of hydrological sciences.
Escobedo, F.J., T. Kroeger, and J.E. Wagner (2011). Urban forests and pollution mitigation: Analyzing ecosystem
services and disservices, Environmental pollution, 159:2078-2087.
Famulari, D., E. Nemitz, C. Di Marco, G.J. Phillips, R. Thomas, E. House, and D. Fowler (2010). Eddy-covariance
measurements of nitrous oxide fluxes above a city, Agricultural and forest meteorology, 150:786-793.
Fatichi, S., V. Ivanov, and E. Caporali (2012). A mechanistic ecohydrological model to investigate complex interactions
in cold and warm water‐controlled environments: 1. Theoretical framework and plot‐scale analysis, Journal
of Advances in Modeling Earth Systems, 4.
Fatichi, S., C. Pappas, and V.Y. Ivanov (2016). Modeling plant–water interactions: an ecohydrological overview from
the cell to the global scale, Wiley Interdisciplinary Reviews: Water, 3:327-368.
Fatichi, S., M.J. Zeeman, J. Fuhrer, and P. Burlando (2014). Ecohydrological effects of management on subalpine
grasslands: From local to catchment scale, Water Resources Research, 50:148-164.
Fletcher, T., H. Andrieu, and P. Hamel (2013). Understanding, management and modelling of urban hydrology and its
consequences for receiving waters: A state of the art, Advances in Water Resources, 51:261-279.
Fletcher, T.D., W. Shuster, W.F. Hunt, R. Ashley, D. Butler, S. Arthur, S. Trowsdale, S. Barraud, A. Semadeni-Davies,
and J.-L. Bertrand-Krajewski (2015). SUDS, LID, BMPs, WSUD and more–The evolution and application
of terminology surrounding urban drainage, Urban Water Journal, 12:525-542.
Galloway, J.N., A.R. Townsend, J.W. Erisman, M. Bekunda, Z. Cai, J.R. Freney, L.A. Martinelli, S.P. Seitzinger, and
M.A. Sutton (2008). Transformation of the nitrogen cycle: recent trends, questions, and potential solutions,
Science, 320:889-892.
Garcia-Fresca, B. and J.M. Sharp Jr (2005). Hydrogeologic considerations of urban development: Urban-induced
recharge, Reviews in Engineering Geology, 16:123-136.
Georgescu, M., P.E. Morefield, B.G. Bierwagen, and C.P. Weaver (2014). Urban adaptation can roll back warming of
emerging megapolitan regions, Proceedings of the National Academy of Sciences, 111:2909-2914.
Georgescu, M., M. Moustaoui, A. Mahalov, and J. Dudhia (2011). An alternative explanation of the semiarid urban
area “oasis effect”, Journal of Geophysical Research: Atmospheres, 116.
Georgescu, M., M. Moustaoui, A. Mahalov, and J. Dudhia (2013). Summer-time climate impacts of projected
megapolitan expansion in Arizona, Nature Climate Change, 3:37-41.
Gill, S.E., J.F. Handley, A.R. Ennos, and S. Pauleit (2007). Adapting cities for climate change: the role of the green
infrastructure, Built environment, 33:115-133.
Giometto, M., A. Christen, P. Egli, M. Schmid, R. Tooke, N. Coops, and M. Parlange (2017). Effects of trees on mean
wind, turbulence and momentum exchange within and above a real urban environment, Advances in Water
Resources, 106:154-168.
Giometto, M., A. Christen, C. Meneveau, J. Fang, M. Krafczyk, and M. Parlange (2016). Spatial characteristics of
roughness sublayer mean flow and turbulence over a realistic urban surface, Boundary-layer meteorology,
160:425-452.
Girard, P., D.F. Nadeau, E.R. Pardyjak, M. Overby, P. Willemsen, R. Stoll, B.N. Bailey, and M.B. Parlange (2017).
Evaluation of the QUIC-URB wind solver and QESRadiant radiation-transfer model using a dense array of
urban meteorological observations, Urban Climate.
Golden, H.E. and N. Hoghooghi (2018). Green infrastructure and its catchment‐scale effects: an emerging science,
Wiley Interdisciplinary Reviews: Water, 5.

Ecohydrology of urban ecosystems

23

Golubiewski, N.E. (2006). Urbanization increases grassland carbon pools: Effects of landscaping in Colorado's front
range, Ecological Applications, 16:555-571.
Gómez-Baggethun, E. and D.N. Barton (2013). Classifying and valuing ecosystem services for urban planning,
Ecological Economics, 86:235-245.
Grawe, D., H.L. Thompson, J.A. Salmond, X.M. Cai, and K.H. Schlünzen (2013). Modelling the impact of urbanisation
on regional climate in the Greater London Area, International Journal of Climatology, 33:2388-2401.
Grimm, N.B., S.H. Faeth, N.E. Golubiewski, C.L. Redman, J. Wu, X. Bai, and J.M. Briggs (2008). Global change and
the ecology of cities, Science, 319:756-760.
Grimmond, C., M. Blackett, M. Best, J. Barlow, J. Baik, S. Belcher, S. Bohnenstengel, I. Calmet, F. Chen, and A.
Dandou (2010). The international urban energy balance models comparison project: first results from phase
1, Journal of applied meteorology and climatology, 49:1268-1292.
Grimmond, C., T. Oke, and D. Steyn (1986). Urban water balance: 1. A model for daily totals, Water Resources
Research, 22:1397-1403.
Grimmond, C., J. Salmond, T.R. Oke, B. Offerle, and A. Lemonsu (2004). Flux and turbulence measurements at a
densely built‐up site in Marseille: Heat, mass (water and carbon dioxide), and momentum, Journal of
Geophysical Research: Atmospheres, 109.
Groffman, P.M. and R.V. Pouyat (2009). Methane uptake in urban forests and lawns, Environmental science &
technology, 43:5229-5235.
Groffman, P.M., R.V. Pouyat, M.L. Cadenasso, W.C. Zipperer, K. Szlavecz, I.D. Yesilonis, L.E. Band, and G.S. Brush
(2006). Land use context and natural soil controls on plant community composition and soil nitrogen and
carbon dynamics in urban and rural forests, Forest Ecology and Management, 236:177-192.
Groffman, P.M., C.O. Williams, R.V. Pouyat, L.E. Band, and I.D. Yesilonis (2009). Nitrate leaching and nitrous oxide
flux in urban forests and grasslands, Journal of environmental quality, 38:1848-1860.
Grover, S.P., A. Cohan, H.S. Chan, S.J. Livesley, J. Beringer, and E. Daly (2013). Occasional large emissions of nitrous
oxide and methane observed in stormwater biofiltration systems, Science of the Total Environment, 465:6471.
Gunawardena, K., M. Wells, and T. Kershaw (2017). Utilising green and bluespace to mitigate urban heat island
intensity, Science of the Total Environment, 584:1040-1055.
Hall, S.J., D. Huber, and N.B. Grimm (2008). Soil N2O and NO emissions from an arid, urban ecosystem, Journal of
Geophysical Research: Biogeosciences, 113.
Hamel, P., E. Daly, and T.D. Fletcher (2013). Source-control stormwater management for mitigating the impacts of
urbanisation on baseflow: A review, Journal of Hydrology, 485:201-211.
Harman, I.N., M.J. Best, and S.E. Belcher (2004). Radiative exchange in an urban street canyon, Boundary-Layer
Meteorology, 110:301-316.
Hedquist, B.C. and A.J. Brazel (2006). Urban, residential, and rural climate comparisons from mobile transects and
fixed stations: Phoenix, Arizona, Journal of the Arizona-Nevada Academy of Science, 38:77-87.
Hertwig, D., G. Patnaik, and B. Leitl (2017a). LES validation of urban flow, part I: flow statistics and frequency
distributions, Environmental Fluid Mechanics, 17:521-550.
Hertwig, D., G. Patnaik, and B. Leitl (2017b). LES validation of urban flow, part II: eddy statistics and flow structures,
Environmental Fluid Mechanics, 17:551-578.
Hibbs, B.J. (2016). Groundwater in urban areas, Journal of Contemporary Water Research & Education, 159:1-4.
Hilaire, R.S., M.A. Arnold, D.C. Wilkerson, D.A. Devitt, B.H. Hurd, B.J. Lesikar, V.I. Lohr, C.A. Martin, G.V.
Mcdonald, and R.L. Morris (2008). Efficient water use in residential urban landscapes, HortScience,
43:2081-2092.
Holder, C.D. and C. Gibbes (2017). Influence of leaf and canopy characteristics on rainfall interception and urban
hydrology, Hydrological sciences journal, 62:182-190.
Holmer, B., S. Thorsson, and I. Eliasson (2007). Cooling rates, sky view factors and the development of intra‐urban air
temperature differences, Geografiska Annaler: Series A, Physical Geography, 89:237-248.
Holmer, B., S. Thorsson, and J. Lindén (2013). Evening evapotranspirative cooling in relation to vegetation and urban
geometry in the city of Ouagadougou, Burkina Faso, International Journal of Climatology, 33:3089-3105.
Huber, W.C., R.E. Dickinson, T.O. Barnwell Jr, and A. Branch (1988). Storm water management model; version 4,
Environmental Protection Agency, United States.
Hutyra, L.R., R. Duren, K.R. Gurney, N. Grimm, E.A. Kort, E. Larson, and G. Shrestha (2014). Urbanization and the
carbon cycle: Current capabilities and research outlook from the natural sciences perspective, Earth's Future,
2:473-495.
Idso, C.D., S.B. Idso, and R.C. Balling Jr (2001). An intensive two-week study of an urban CO2 dome in Phoenix,
Arizona, USA, Atmospheric Environment, 35:995-1000.
Ipcc, 2015. Climate change 2014: mitigation of climate change (Intergovernmental Panel on Climate Change).
Cambridge University Press.
Ivanov, V.Y., R.L. Bras, and E.R. Vivoni (2008). Vegetation‐hydrology dynamics in complex terrain of semiarid areas:
1. A mechanistic approach to modeling dynamic feedbacks, Water Resources Research, 44.
Jenerette, G.D. and K.P. Alstad (2010). Water use in urban ecosystems: Complexity, costs, and services of urban
ecohydrology, Urban ecosystem ecology, urbanecosysteme:353-371.
Kabir, M.I., E. Daly, and F. Maggi (2017). Geochemical modelling of heavy metals in urban stormwater biofilters,
Ecological Engineering, 102:565-576.

24

MARCHIONNI, REVELLI and DALY

Kalnay, E. and M. Cai (2003). Impact of urbanization and land-use change on climate, Nature, 423:528-531.
Kanda, M., A. Inagaki, T. Miyamoto, M. Gryschka, and S. Raasch (2013). A new aerodynamic parametrization for real
urban surfaces, Boundary-layer meteorology, 148:357-377.
Kaye, J.P., I.C. Burke, A.R. Mosier, and J. Pablo Guerschman (2004). Methane and nitrous oxide fluxes from urban
soils to the atmosphere, Ecological Applications, 14:975-981.
Kaye, J.P., P.M. Groffman, N.B. Grimm, L.A. Baker, and R.V. Pouyat (2006). A distinct urban biogeochemistry?,
Trends in Ecology & Evolution, 21:192-199.
Kaye, J.P., R.L. Mcculley, and I.C. Burke (2005). Carbon fluxes, nitrogen cycling, and soil microbial communities in
adjacent urban, native and agricultural ecosystems, Global Change Biology, 11:575-587.
Kennedy, C., J. Steinberger, B. Gasson, Y. Hansen, T. Hillman, M. Havranek, D. Pataki, A. Phdungsilp, A.
Ramaswami, and G.V. Mendez, 2009. Greenhouse gas emissions from global cities. ACS Publications.
Kermavnar, J. and U. Vilhar (2017). Canopy precipitation interception in urban forests in relation to stand structure,
Urban Ecosystems, 20:1373-1387.
Koerner, B. and J. Klopatek (2002). Anthropogenic and natural CO2 emission sources in an arid urban environment,
Environmental Pollution, 116:S45-S51.
Koerner, B.A. and J.M. Klopatek (2010). Carbon fluxes and nitrogen availability along an urban–rural gradient in a
desert landscape, Urban Ecosystems, 13:1-21.
Konarska, J., J. Uddling, B. Holmer, M. Lutz, F. Lindberg, H. Pleijel, and S. Thorsson (2016). Transpiration of urban
trees and its cooling effect in a high latitude city, International journal of biometeorology, 60:159-172.
Kordowski, K. and W. Kuttler (2010). Carbon dioxide fluxes over an urban park area, Atmospheric Environment,
44:2722-2730.
Krayenhoff, E., A. Christen, A. Martilli, and T. Oke (2014). A multi-layer radiation model for urban neighbourhoods
with trees, Boundary-layer meteorology, 151:139-178.
Krayenhoff, E.S. and J.A. Voogt (2007). A microscale three-dimensional urban energy balance model for studying
surface temperatures, Boundary-Layer Meteorology, 123:433-461.
Kusaka, H. and F. Kimura (2004). Thermal effects of urban canyon structure on the nocturnal heat island: Numerical
experiment using a mesoscale model coupled with an urban canopy model, Journal of applied meteorology,
43:1899-1910.
Laio, F., A. Porporato, L. Ridolfi, and I. Rodriguez-Iturbe (2001). Plants in water-controlled ecosystems: active role in
hydrologic processes and response to water stress: II. Probabilistic soil moisture dynamics, Advances in
Water Resources, 24:707-723.
Lal, R. and B.A. Stewart, 2017. Urban Soils. CRC Press, Milton, UNITED KINGDOM.
Lee, H., H. Mayer, and L. Chen (2016). Contribution of trees and grasslands to the mitigation of human heat stress in
a residential district of Freiburg, Southwest Germany, landscape and urban planning, 148:37-50.
Lee, S.-H. and S.-U. Park (2008). A vegetated urban canopy model for meteorological and environmental modelling,
Boundary-Layer Meteorology, 126:73-102.
Lemonsu, A., V. Viguié, M. Daniel, and V. Masson (2015). Vulnerability to heat waves: Impact of urban expansion
scenarios on urban heat island and heat stress in Paris (France), Urban Climate, 14:586-605.
Leopold, L.B. (1968). Hydrology for urban land planning: A guidebook on the hydrologic effects of urban land use.
Lerner, D.N. (1990). Groundwater recharge in urban areas, Atmospheric Environment. Part B. Urban Atmosphere,
24:29-33.
Lerner, D.N. (2002). Identifying and quantifying urban recharge: a review, Hydrogeology journal, 10:143-152.
Lhomme, J., C. Bouvier, and J.-L. Perrin (2004). Applying a GIS-based geomorphological routing model in urban
catchments, Journal of Hydrology, 299:203-216.
Lindberg, S., J. Nielsen, and R. Carr. 1989. An integrated PC-modelling system for hydraulic analysis of drainage
systems.
Litvak, E., K. Manago, T. Hogue, and D. Pataki (2017). Evapotranspiration of urban landscapes in Los Angeles,
California at the municipal scale, Water Resources Research.
Litvak, E., H.R. Mccarthy, and D.E. Pataki (2011). Water relations of coast redwood planted in the semi‐arid climate
of southern California, Plant, cell & environment, 34:1384-1400.
Litvak, E., H.R. Mccarthy, and D.E. Pataki (2012). Transpiration sensitivity of urban trees in a semi-arid climate is
constrained by xylem vulnerability to cavitation, Tree physiology, 32:373-388.
Litvak, E. and D.E. Pataki (2016). Evapotranspiration of urban lawns in a semi-arid environment: An in situ evaluation
of microclimatic conditions and watering recommendations, Journal of Arid Environments, 134:87-96.
Liu, M., H. Tian, Q. Yang, J. Yang, X. Song, S.E. Lohrenz, and W.J. Cai (2013). Long‐term trends in evapotranspiration
and runoff over the drainage basins of the Gulf of Mexico during 1901–2008, Water Resources Research,
49:1988-2012.
Livesley, S., B. Baudinette, and D. Glover (2014). Rainfall interception and stem flow by eucalypt street trees–The
impacts of canopy density and bark type, Urban forestry & urban greening, 13:192-197.
Livesley, S., A. Ossola, C. Threlfall, A. Hahs, and N. Williams (2016a). Soil carbon and carbon/nitrogen ratio change
under tree canopy, tall grass, and turf grass areas of urban green space, Journal of environmental quality,
45:215-223.
Livesley, S.J., B.J. Dougherty, A.J. Smith, D. Navaud, L.J. Wylie, and S.K. Arndt (2010). Soil-atmosphere exchange
of carbon dioxide, methane and nitrous oxide in urban garden systems: impact of irrigation, fertiliser and
mulch, Urban ecosystems, 13:273-293.

Ecohydrology of urban ecosystems

25

Livesley, S.J., G.M. Mcpherson, and C. Calfapietra (2016b). The Urban Forest and Ecosystem Services: Impacts on
Urban Water, Heat, and Pollution Cycles at the Tree, Street, and City Scale, Journal of Environmental
Quality, 45:119-124.
Locatelli, L., O. Mark, P.S. Mikkelsen, K. Arnbjerg-Nielsen, A. Deletic, M. Roldin, and P.J. Binning (2017).
Hydrologic impact of urbanization with extensive stormwater infiltration, Journal of Hydrology, 544:524537.
Lorenz, K. and R. Lal (2009). Biogeochemical C and N cycles in urban soils, Environment international, 35:1-8.
Lyytimäki, J. (2014). Bad nature: Newspaper representations of ecosystem disservices, Urban forestry & urban
greening, 13:418-424.
Ma (2003). Millennium Ecosystem Assessment: Ecosystems and human well-being: a framework for assessment.
Martin, C. and L. Stabler (2002). Plant gas exchange and water status in urban desert landscapes, Journal of Arid
Environments, 51:235-254.
Masson, V. (2006). Urban surface modeling and the meso-scale impact of cities, Theoretical and applied climatology,
84:35-45.
Matthews, T., A.Y. Lo, and J.A. Byrne (2015). Reconceptualizing green infrastructure for climate change adaptation:
Barriers to adoption and drivers for uptake by spatial planners, Landscape and Urban Planning, 138:155163.
Mccarthy, H.R. and D.E. Pataki (2010). Drivers of variability in water use of native and non-native urban trees in the
greater Los Angeles area, Urban Ecosystems, 13:393-414.
Mccarthy, H.R., D.E. Pataki, and G.D. Jenerette (2011). Plant water‐use efficiency as a metric of urban ecosystem
services, Ecological Applications, 21:3115-3127.
Mcdonald, R.I., I. Douglas, C. Revenga, R. Hale, N. Grimm, J. Grönwall, and B. Fekete (2011). Global urban growth
and the geography of water availability, quality, and delivery, Ambio: A Journal of the Human Environment,
40:437-446.
Mcpherson, E.G. and P.J. Peper (2012). Urban tree growth modeling, Arboriculture & Urban Forestry, 38:175-183.
Mcpherson, G., J.R. Simpson, P.J. Peper, S.E. Maco, and Q. Xiao (2005). Municipal forest benefits and costs in five
US cities, Journal of forestry, 103:411-416.
Mejía, A., E. Daly, F. Rossel, T. Jovanovic, and J. Gironás (2014). A stochastic model of streamflow for urbanized
basins, Water Resources Research, 50:1984-2001.
Menz, M.H., K.W. Dixon, and R.J. Hobbs (2013). Hurdles and opportunities for landscape-scale restoration, Science,
339:526-527.
Miao, S., F. Chen, Q. Li, and S. Fan (2011). Impacts of urban processes and urbanization on summer precipitation: a
case study of heavy rainfall in Beijing on 1 August 2006, Journal of Applied Meteorology and Climatology,
50:806-825.
Milesi, C., S.W. Running, C.D. Elvidge, J.B. Dietz, B.T. Tuttle, and R.R. Nemani (2005). Mapping and modeling the
biogeochemical cycling of turf grasses in the United States, Environmental management, 36:426-438.
Morakinyo, T.E., K.K.C. Dahanayake, E. Ng, and C.L. Chow (2017). Temperature and cooling demand reduction by
green-roof types in different climates and urban densities: A co-simulation parametric study, Energy and
Buildings, 145:226-237.
Murari, K.K., S. Ghosh, A. Patwardhan, E. Daly, and K. Salvi (2015). Intensification of future severe heat waves in
India and their effect on heat stress and mortality, Regional Environmental Change, 15:569-579.
Ng, B., L. Hutyra, H. Nguyen, A. Cobb, F. Kai, C. Harvey, and L. Gandois (2015). Carbon fluxes from an urban tropical
grassland, Environmental pollution, 203:227-234.
Nice, K.A., A.M. Coutts, and N.J. Tapper (2018). Development of the VTUF-3D v1. 0 urban micro-climate model to
support assessment of urban vegetation influences on human thermal comfort, Urban Climate.
Niu, G.Y., P.A. Troch, C. Paniconi, R.L. Scott, M. Durcik, X. Zeng, T. Huxman, D. Goodrich, and J. Pelletier (2014).
An integrated modelling framework of catchment‐scale ecohydrological processes: 2. The role of water
subsidy by overland flow on vegetation dynamics in a semi‐arid catchment, Ecohydrology, 7:815-827.
Niyogi, D., P. Pyle, M. Lei, S.P. Arya, C.M. Kishtawal, M. Shepherd, F. Chen, and B. Wolfe (2011). Urban
modification of thunderstorms: An observational storm climatology and model case study for the
Indianapolis urban region, Journal of Applied Meteorology and Climatology, 50:1129-1144.
Nordbo, A., L. Järvi, S. Haapanala, C.R. Wood, and T. Vesala (2012). Fraction of natural area as main predictor of net
CO2 emissions from cities, Geophysical Research Letters, 39.
Nowak, D.J. and E.J. Greenfield (2012). Tree and impervious cover in the United States, Landscape and Urban
Planning, 107:21-30.
Oke, T.R. (1982). The energetic basis of the urban heat island, Quarterly Journal of the Royal Meteorological Society,
108:1-24.
Oke, T.R., 1987. Boundary layer climates. Routledge.
Oke, T.R., J. Crowther, K. Mcnaughton, J. Monteith, and B. Gardiner (1989). The micrometeorology of the urban
forest, Philosophical Transactions of the Royal Society of London B: Biological Sciences, 324:335-349.
Oliveira, S., H. Andrade, and T. Vaz (2011). The cooling effect of green spaces as a contribution to the mitigation of
urban heat: A case study in Lisbon, Building and Environment, 46:2186-2194.
Owuor, S.O., K. Butterbach-Bahl, A. Guzha, M. Rufino, D. Pelster, E. Díaz-Pinés, and L. Breuer (2016). Groundwater
recharge rates and surface runoff response to land use and land cover changes in semi-arid environments,
Ecological Processes, 5:16.

26

MARCHIONNI, REVELLI and DALY

Pace, R., P. Biber, H. Pretzsch, and R. Grote (2018). Modeling Ecosystem Services for Park Trees: Sensitivity of iTree Eco Simulations to Light Exposure and Tree Species Classification, Forests, 9:89.
Palmer, M. A., Liu, J., Matthews, J. H., Mumba, M., & D'odorico, P. (2015). Manage water in a green
way. Science, 349(6248), 584-585.
Pandeya, B., W. Buytaert, Z. Zulkafli, T. Karpouzoglou, F. Mao, and D. Hannah (2016). A comparative analysis of
ecosystem services valuation approaches for application at the local scale and in data scarce regions,
Ecosystem Services, 22:250-259.
Parnell, S., M. Schewenius, M. Sendstad, K.C. Seto, and C. Wilkinson (2013). Urbanization, Biodiversity and
Ecosystem Services: Challenges and Opportunities.
Passarello, M., J. Sharp Jr, and S. Pierce (2012). Estimating urban-induced artificial recharge: A case study for Austin,
TX, Environmental & Engineering Geoscience, 18:25-36.
Pataki, D.E., C.G. Boone, T.S. Hogue, G.D. Jenerette, J.P. Mcfadden, and S. Pincetl (2011a). Socio-ecohydrology and
the urban water challenge, Ecohydrology, 4:341-347.
Pataki, D.E., M.M. Carreiro, J. Cherrier, N.E. Grulke, V. Jennings, S. Pincetl, R.V. Pouyat, T.H. Whitlow, and W.C.
Zipperer (2011b). Coupling biogeochemical cycles in urban environments: ecosystem services, green
solutions, and misconceptions, Frontiers in Ecology and the Environment, 9:27-36.
Pataki, D.E., H.R. Mccarthy, E. Litvak, and S. Pincetl (2011c). Transpiration of urban forests in the Los Angeles
metropolitan area, Ecological Applications, 21:661-677.
Pawlak, W. and K. Fortuniak (2016). Eddy covariance measurements of the net turbulent methane flux in the city
centre–results of 2-year campaign in Łódź, Poland, Atmospheric Chemistry and Physics, 16:8281.
Peters, E.B., J.P. Mcfadden, and R.A. Montgomery (2010). Biological and environmental controls on tree transpiration
in a suburban landscape, Journal of Geophysical Research: Biogeosciences, 115.
Petrucci, G. and C. Bonhomme (2014). The dilemma of spatial representation for urban hydrology semi-distributed
modelling: Trade-offs among complexity, calibration and geographical data, Journal of hydrology,
517:997-1007.
Poff, N.L. (1997). Landscape filters and species traits: towards mechanistic understanding and prediction in stream
ecology, Journal of the north american Benthological society, 16:391-409.
Porporato, A., P. D’odorico, F. Laio, and I. Rodriguez-Iturbe (2003). Hydrologic controls on soil carbon and nitrogen
cycles. I. Modeling scheme, Advances in Water Resources, 26:45-58.
Potchter, O., P. Cohen, and A. Bitan (2006). Climatic behavior of various urban parks during hot and humid summer
in the Mediterranean city of Tel Aviv, Israel, International Journal of Climatology, 26:1695-1711.
Pouyat, R., P. Groffman, I. Yesilonis, and L. Hernandez (2002). Soil carbon pools and fluxes in urban ecosystems,
Environmental pollution, 116:S107-S118.
Pouyat, R.V., D.E. Pataki, K.T. Belt, P.M. Groffman, J. Hom, and L.E. Band, 2007. Effects of urban land-use change
on biogeochemical cycles, p. 45-58, Terrestrial ecosystems in a changing world. Springer.
Price, K. (2011). Effects of watershed topography, soils, land use, and climate on baseflow hydrology in humid regions:
A review, Progress in physical geography, 35:465-492.
Raciti, S.M., A.J. Burgin, P.M. Groffman, D.N. Lewis, and T.J. Fahey (2011). Denitrification in suburban lawn soils,
Journal of environmental quality, 40:1932-1940.
Randelovic, A., K. Zhang, N. Jacimovic, D. Mccarthy, and A. Deletic (2016). Stormwater biofilter treatment model
(MPiRe) for selected micro-pollutants, Water research, 89:180-191.
Redfern, T.W., N. Macdonald, T.R. Kjeldsen, J.D. Miller, and N. Reynard (2016). Current understanding of
hydrological processes on common urban surfaces, Progress in Physical Geography, 40:699-713.
Revelli, R. and A. Porporato (2018). Ecohydrological model for the quantification of ecosystem services provided by
urban street trees, Urban Ecosystems:1-16.
Roberts, B.R. (1977). The response of urban trees to abiotic stress [moisture, temperature, light, pesticides], Journal of
Arboriculture (USA).
Rodriguez, F., F. Morena, and H. Andrieu (2005). Development of a distributed hydrological model based on urban
databanks–production processes of URBS, Water science and technology, 52:241-248.
Rosenfeld, D. (2000). Suppression of rain and snow by urban and industrial air pollution. Science, 287(5459), 17931796.
Ryu, Y.-H., E. Bou-Zeid, Z.-H. Wang, and J.A. Smith (2016). Realistic representation of trees in an urban canopy
model, Boundary-layer meteorology, 159:193-220.
Saaroni, H. and B. Ziv (2010). Estimating the urban heat island contribution to urban and rural air temperature
differences over complex terrain: application to an arid city, Journal of Applied Meteorology and
Climatology, 49:2159-2166.
Salamanca, F., Y. Zhang, M. Barlage, F. Chen, A. Mahalov, and S. Miao (2018). Evaluation of the WRF‐urban
modeling system coupled to Noah and Noah‐MP land surface models over a semiarid urban environment,
Journal of Geophysical Research: Atmospheres.
Salvadore, E., J. Bronders, and O. Batelaan (2015). Hydrological modelling of urbanized catchments: A review and
future directions, Journal of hydrology, 529:62-81.
Sander, H.A. (2016). Assessing impacts on urban greenspace, waterways, and vegetation in urban planning, Journal of
Environmental Planning and Management, 59:461-479.

Ecohydrology of urban ecosystems

27

Sanusi, R., D. Johnstone, P. May, and S.J. Livesley (2016). Street orientation and side of the street greatly influence
the microclimatic benefits street trees can provide in summer, Journal of environmental quality, 45:167174.
Schatz, J. and C.J. Kucharik (2015). Urban climate effects on extreme temperatures in Madison, Wisconsin, USA,
Environmental Research Letters, 10:094024.
Seto, K.C., M. Fragkias, B. Güneralp, and M.K. Reilly (2011). A meta-analysis of global urban land expansion, PloS
one, 6:e23777.
Seto, K.C., B. Güneralp, and L.R. Hutyra (2012). Global forecasts of urban expansion to 2030 and direct impacts on
biodiversity and carbon pools, Proceedings of the National Academy of Sciences, 109:16083-16088.
Seto, K.C. and J.M. Shepherd (2009). Global urban land-use trends and climate impacts, Current Opinion in
Environmental Sustainability, 1:89-95.
Shahidan, M.F., M.K. Shariff, P. Jones, E. Salleh, and A.M. Abdullah (2010). A comparison of Mesua ferrea L. and
Hura crepitans L. for shade creation and radiation modification in improving thermal comfort, Landscape
and Urban Planning, 97:168-181.
Shashua‐Bar, L., D. Pearlmutter, and E. Erell (2011). The influence of trees and grass on outdoor thermal comfort in a
hot‐arid environment, International Journal of Climatology, 31:1498-1506.
Shem, W. and M. Shepherd (2009). On the impact of urbanization on summertime thunderstorms in Atlanta: two
numerical model case studies, Atmospheric Research, 92:172-189.
Shepherd, J.M. (2005). A review of current investigations of urban-induced rainfall and recommendations for the
future, Earth Interactions, 9:1-27.
Shepherd, J.M. (2006). Evidence of urban-induced precipitation variability in arid climate regimes, Journal of Arid
Environments, 67:607-628.
Shields, C. and C. Tague (2015). Ecohydrology in semiarid urban ecosystems: Modeling the relationship between
connected impervious area and ecosystem productivity, Water Resources Research, 51:302-319.
Shiflett, S.A., L.L. Liang, S.M. Crum, G.L. Feyisa, J. Wang, and G.D. Jenerette (2017). Variation in the urban
vegetation, surface temperature, air temperature nexus, Science of the Total Environment, 579:495-505.
Shuster, W.D., J. Bonta, H. Thurston, E. Warnemuende, and D. Smith (2005). Impacts of impervious surface on
watershed hydrology: a review, Urban Water Journal, 2:263-275.
Sieghardt, M., E. Mursch-Radlgruber, E. Paoletti, E. Couenberg, A. Dimitrakopoulus, F. Rego, A. Hatzistathis, and
T.B. Randrup, 2005. The abiotic urban environment: impact of urban growing conditions on urban
vegetation, p. 281-323, Urban forests and trees. Springer.
Simon, H., J. Lindén, D. Hoffmann, P. Braun, M. Bruse, and J. Esper (2018). Modeling transpiration and leaf
temperature of urban trees–A case study evaluating the microclimate model ENVI-met against measurement
data, Landscape and Urban Planning, 174:33-40.
Sirakaya, A., A. Cliquet, and J. Harris (2017). Ecosystem services in cities: Towards the international legal protection
of ecosystem services in urban environments, Ecosystem Services.
Smith, J.A., M.L. Baeck, G. Villarini, C. Welty, A.J. Miller, and W.F. Krajewski (2012). Analyses of a long‐term, high‐
resolution radar rainfall data set for the Baltimore metropolitan region, Water Resources Research, 48.
Sofer, M. and O. Potchter (2006). The urban heat island of a city in an arid zone: the case of Eilat, Israel, Theoretical
and Applied Climatology, 85:81-88.
Spronken-Smith, R. and T. Oke (1998). The thermal regime of urban parks in two cities with different summer climates,
International journal of remote sensing, 19:2085-2104.
Stabler, L.B., C.A. Martin, and A.J. Brazel (2005). Microclimates in a desert city were related to land use and vegetation
index, Urban Forestry & Urban Greening, 3:137-147.
Teeb (2009). The Economics of Ecosystems and Biodiversity: The Ecological and Economic Foundation, Earthscan,
London and Washington DC.
Toparlar, Y., B. Blocken, B. Maiheu, and G. Van Heijst (2017). A review on the CFD analysis of urban microclimate,
Renewable and Sustainable Energy Reviews, 80:1613-1640.
Townsend‐Small, A. and C.I. Czimczik (2010). Carbon sequestration and greenhouse gas emissions in urban turf,
Geophysical Research Letters, 37.
Tyrväinen, L., S. Pauleit, K. Seeland, and S. De Vries, 2005. Benefits and uses of urban forests and trees, p. 81-114,
Urban forests and trees. Springer.
Un, 2015. World Urbanization Prospects: The 2014 Revision, (ST/ESA/SER.A/366). United Nations, Department of
Economic and Social Affairs, Population Division.
Upmanis, H., I. Eliasson, and S. Lindqvist (1998). The influence of green areas on nocturnal temperatures in a high
latitude city (Göteborg, Sweden), International journal of climatology, 18:681-700.
Van Delden, L., E. Larsen, D. Rowlings, C. Scheer, and P. Grace (2016). Establishing turf grass increases soil
greenhouse gas emissions in peri-urban environments, Urban ecosystems, 19:749-762.
Van Loon, A.F., T. Gleeson, J. Clark, A.I. Van Dijk, K. Stahl, J. Hannaford, G. Di Baldassarre, A.J. Teuling, L.M.
Tallaksen, and R. Uijlenhoet (2016a). Drought in the Anthropocene, Nature Geoscience, 9:89.
Van Loon, A.F., K. Stahl, G. Di Baldassarre, J. Clark, S. Rangecroft, N. Wanders, T. Gleeson, A.I. Van Dijk, L.M.
Tallaksen, and J. Hannaford (2016b). Drought in a human-modified world: reframing drought definitions,
understanding, and analysis approaches, Hydrology and Earth System Sciences, 20:3631.
Vezzaro, L., E. Eriksson, A. Ledin, and P.S. Mikkelsen (2011). Modelling the fate of organic micropollutants in
stormwater ponds, Science of the Total Environment, 409:2597-2606.

28

MARCHIONNI, REVELLI and DALY

Vezzaro, L., E. Eriksson, A. Ledin, and P.S. Mikkelsen (2012). Quantification of uncertainty in modelled partitioning
and removal of heavy metals (Cu, Zn) in a stormwater retention pond and a biofilter, Water research,
46:6891-6903.
Vico, G. and A. Porporato (2011). From rainfed agriculture to stress-avoidance irrigation: I. A generalized irrigation
scheme with stochastic soil moisture, Advances in water resources, 34:263-271.
Vico, G., R. Revelli, and A. Porporato (2014). Ecohydrology of street trees: design and irrigation requirements for
sustainable water use, Ecohydrology, 7:508-523.
Volo, T.J., E.R. Vivoni, C.A. Martin, S. Earl, and B.L. Ruddell (2014). Modelling soil moisture, water partitioning,
and plant water stress under irrigated conditions in desert urban areas, Ecohydrology, 7:1297-1313.
Von Döhren, P. and D. Haase (2015). Ecosystem disservices research: a review of the state of the art with a focus on
cities, Ecological Indicators, 52:490-497.
Wachinger, G., S. Fiedler, K. Zepp, A. Gattinger, M. Sommer, and K. Roth (2000). Variability of soil methane
production on the micro-scale: spatial association with hot spots of organic material and Archaeal
populations, Soil Biology and Biochemistry, 32:1121-1130.
Wagner, I. and P. Breil (2013). The role of ecohydrology in creating more resilient cities, Ecohydrology &
Hydrobiology, 13:113-134.
Wang, J., T.A. Endreny, and D.J. Nowak (2008). Mechanistic simulation of tree effects in an urban water balance
model, JAWRA Journal of the American Water Resources Association, 44:75-85.
Wong, T. and R.R. Brown (2009). The water sensitive city: principles for practice, Water Science and Technology,
60:673-682.
Wong, T.H., T.D. Fletcher, H.P. Duncan, J.R. Coleman, and G.A. Jenkins, 2002. A model for urban Stormwater
improvement: Conceptualization, p. 1-14, Global Solutions for Urban Drainage.
Xiao, Q. and E.G. Mcpherson (2002). Rainfall interception by Santa Monica's municipal urban forest, Urban
ecosystems, 6:291-302.
Xiao, Q., E.G. Mcpherson, J.R. Simpson, and S.L. Ustin (1998). Rainfall interception by Sacramento's urban forest,
Journal of Arboriculture, 24:235-244.
Xiao, Q., E.G. Mcpherson, J.R. Simpson, and S.L. Ustin (2007). Hydrologic processes at the urban residential scale,
Hydrological processes, 21:2174-2188.
Xiao, Q., E.G. Mcpherson, S.L. Ustin, M.E. Grismer, and J.R. Simpson (2000). Winter rainfall interception by two
mature open-grown trees in Davis, California, Hydrological processes, 14:763-784.
Yang, Y., T.A. Endreny, and D.J. Nowak (2015). Simulating the effect of flow path roughness to examine how green
infrastructure restores urban runoff timing and magnitude, Urban Forestry & Urban Greening, 14:361-367.
Yow, D.M. (2007). Urban heat islands: observations, impacts, and adaptation, Geography Compass, 1:1227-1251.
Yu, C. and W.N. Hien (2006). Thermal benefits of city parks, Energy and buildings, 38:105-120.
Yu, M. and Y. Liu (2015). The possible impact of urbanization on a heavy rainfall event in Beijing, Journal of
Geophysical Research: Atmospheres, 120:8132-8143.
Zhang, C.L., F. Chen, S.G. Miao, Q.C. Li, X.A. Xia, and C.Y. Xuan (2009). Impacts of urban expansion and future
green planting on summer precipitation in the Beijing metropolitan area, Journal of Geophysical Research:
Atmospheres, 114.
Zhang, W., K. Wang, Y. Luo, Y. Fang, J. Yan, T. Zhang, X. Zhu, H. Chen, W. Wang, and J. Mo (2014a). Methane
uptake in forest soils along an urban-to-rural gradient in Pearl River Delta, South China, Scientific reports,
4:5120.
Zhang, Y., J.A. Smith, L. Luo, Z. Wang, and M.L. Baeck (2014b). Urbanization and rainfall variability in the Beijing
metropolitan region, Journal of Hydrometeorology, 15:2219-2235.
Zhang, Z., Y. Lv, and H. Pan (2013). Cooling and humidifying effect of plant communities in subtropical urban parks,
Urban forestry & urban greening, 12:323-329.
Zhao, L., X. Lee, R.B. Smith, and K. Oleson (2014). Strong contributions of local background climate to urban heat
islands, Nature, 511:216-219.
Zhao, L., M. Oppenheimer, Q. Zhu, J.W. Baldwin, K.L. Ebi, E. Bou-Zeid, K. Guan, and X. Liu (2018). Interactions
between urban heat islands and heat waves, Environmental Research Letters, 13:034003.
Zhou, D., S. Zhao, L. Zhang, and S. Liu (2016). Remotely sensed assessment of urbanization effects on vegetation
phenology in China's 32 major cities, Remote Sensing of Environment, 176:272-281.
Zipper, S.C., J. Schatz, C.J. Kucharik, and S.P. Loheide (2017). Urban heat island‐induced increases in
evapotranspirative demand, Geophysical Research Letters, 44:873-881.
Zipper, S.C., J. Schatz, A. Singh, C.J. Kucharik, P.A. Townsend, and S.P. Loheide Ii (2016). Urban heat island impacts
on plant phenology: intra-urban variability and response to land cover, Environmental Research Letters,
11:054023.
Zoppou, C. (2001). Review of urban storm water models, Environmental Modelling & Software, 16:195-231.

